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PREFACE 
The enzyme nomenclature in this thesis is in 
accordance with the recommendations o:f the Report of 
the Commission on Enzymes of the Internationa1 Union 
of Biochemistry (I.U.B. Symposium, 1961). At first 
mention the full name, trivial name and number of the 
enzyme are given; otherwise the trivial nan1e has been 
used. 
Temperatures are expressed in °c. 
Figures and tables are presented on separate 
pages, a particular figure or table following 
immediately the page on which first reference to it 
has been made. 
The following abbreviations are used: 
ADP 
AMP 
ATP 
EDTA 
NAD 
PC 
TRIS 
adenosine dipbosphate 
adenosine monophosphate 
adenosine triphosphate 
ethylenediaminetetraacetic acid 
( sodium sal. t) 
nicotinamide-~denine dinucleotide 
phosphorylcreatine 
tris(hydroxymethyl)aminomethane 
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CHAPTER I 
GENERAL INTRODUCTION 
CHAPTER I 
GENERAL INTRODUCTION 
Preamble 
With the preparation of purified enzymes it has 
become apparent that in a nwnber of cases some 
dial.ysable substance(s), essential. to the activity of 
the enzyme, may be lost, either partially or wholly, 
during the purification procedure. Thus, the activity 
o:f the purified enzyme may be either restored or 
increased by the addition of' low molecular weight 
compom1ds. 
Diva1ent metal ions form an important group of 
such cofactors or coenzymes and are required, in 
particular, for those enzymic reactions which involve 
the transfer of' a phosphoryl group. This requirement 
. 11 t b Mg2 + d """t b M 2 + C 2 + i is usua y me y an o~ en y n • a ons 
are active with some phosphoryl transferring enzymes 
and, in certain instances, other divalent ions such as 
Fe2 , Zn2 + and co2 + may function as activators (Bock, 
1960). 
The role of metal ions in enzymic catalysis is 
not well understood. This is particularly true where 
the metal ion does not complex strongly with the enzyme, 
2. 
as with those enzymes concerned with the transfer of a 
phosphoryl group, and it is not possible to dea1 with a 
"metal.loenzyme' entity (cf. Vallee, 1955). 
The work presented in this thesis is concerned 
with a kinetic study of the Mg2 + activation of the enzyme 
ATP:creatine phosphotransferase (creatine kinase; 
2.7.3.2). This enzyme, which catalyses the reversible 
transfer of a phosphoryl group, according to the 
equation 
ATP+ creatine forward, ~everse ADP+ phosphorylcreatine 
is similar to other enzymes carrying out reactions of 
this type, in that it has an absolute requirement for 
a divalent meta1 ion. This requirement can be met by 
Mg2 +, Mn.2 +, Ca2 + or Co2 +. 
The work carried out can b-e divided into two 
sections, namely, the determination of the stability 
- 2- ( ) constants of the complexes MgADP and MgATP Chapter II 
and the kinetic studies on creatine kinase (Chapters III 
to VII). The principal object of the stability constant 
work was to obtain values £or use in the kinetic 
experiments, though the work has been expanded beyond 
this requirement. The kinetic approach was first 
applied to the reverse reaction catalysed by creatine 
kinase. The results obtained were compatible with the 
3. 
interaction of the species, free Mg2 +, free ADp3- and 
the MgADP- complex, with the enzyme. This work is 
described in Chapter IV. In Chapter III some observations 
on the residual activity of the enzyme are reported. 
Chapter V describes experiments designed to elucidate 
the nature of the inhibition by excess Mg2 + and excess 
ADP, with respect to both MgADP- and phosphorylcreatine 
(PC). Because the results obtained cast some doubt on 
the interpretation of the results in Chapter IV a 
reassessment of the kinetics of the reverse direction 
was carried out as described in Chapter VI. Chapter VII 
describes results obtained from studies of the forward 
direction and in Chapter VIII the conclusions drawn from 
the thesis are discussed in relation to other work 
carried out on creatine kinase. 
ENZYMIC PHOSPHORYL 'lRANSFER REACTIONS 
The majority of enzymic phosphoryl transfer 
reactions are concerned with the transfer of the terminal 
phosphoryl group of a nucleoside-triphosphate to an 
acceptor molecule to yield the phosphorylated derivative 
of the acceptor molecule. Such reactions may be 
represented by the general equation 
NTP + A NDP + A-P 
Experimental. evidence for the idea that the transfer 
occurs as a result of nucleophilic attack on the P atom 
4. 
of the termina1 phosphoryl group, has come largely from 
018 studies on the reactions catalysed by such enzymes 
as ATP:D-hexose 6 - phosphotransferase (hexokinase; 
2 . 7 . 1 . 1), ATP:AMP phosphotransferase (myokinase; 2.7.4.3), 
ATP:pyruvate phosphotransferase (pyruvate kinase; 
2 . 7 . 1 . 40), ATP:D-J - phosphoglycerate 1-phosphotransferase 
(J-phosphoglycerate kinase; 2.7.2.3) and creatine kinase 
(Cohn, 1959; Harrison, Boyer and Fa1cone, 1955). Thus, 
reactions carried out in the presence of ~o18 showed 
that there was a direct transfer of the terminal 
phosphoryl group of AT to the acceptor molecule, by 
virtue of the bond cleavage occurring at 0-P. No 
18 
e xchange between O and either the oxygen atoms of the 
phosphoryl group or of the acceptor molecule was observed. 
The transfer of a phosphoryl group has been 
postulated as occurring either via a double displacement 
mechanism involving the formation of a phosphoenzyme 
intermediate or by a single displacement mechanism, 
whereby a direct transfer of the phosphoryl group from 
' 
' 
I 
I 
I 
donor to acceptor occurs. This latter mechanism appears · 
to be operative for the reactions catalysed by creatine 
kinase and pyruvate kinase. Thus, Nod a, Nihei and 
Mora1es (1960) failed to demonstrate exchange between 
(~- 32P)ADP and ATP in the presence of creatine kinase. 
This conf'irmed the earlier product inhibition studies 
(Kuby, Noda and Lardyt 1954b) which had indicated that 
ADP and ATP competed for a common binding site on the 
enzyme surface, while an independent site as concerned 
with the binding of creatine and phosphorylcreatine (Pc). 
The two sites were considered to be in juxtaposition in 
relation to the enzyme and to have a common area for 
both the terminal phosphate group of ATP and the 
phosphoryl group of PC. Thus, phosphoryl group transfer 
could occur as a single displacement mechanism. 
Harrison!.!~. (1955) did not obtain any evidence 
for the formation of a phosphoenzyme intermediate in the 
reaction catalysed by pyruvate kinase, the enzyme being 
unable to cata1yse an exchange of pyruvate-c14 with 
phosphoenolpyruvate. The product inhibition studies 
of Reynard, Hass, Jacobsen and Boyer (1961) indicated 
a single displacement mechanism as with creatine kinase. 
Thus, tbe inhibition by ATP was competitive with 
respect to both ADP and phosphoenolpyruvate. This 
finding led the authors to conclude that the 
transferable phosphoryl group of the latter occupied 
the same space as the terminal. phosphoryl group of ATP. 
The kinetic studies were substantiated by direct 
substrate binding measurements which sho ed that 
pyruvate and ADP combined independently with the 
enzyme and that ATP decreased the binding of both 
... ~ 
I 
l 
I 
I 
6. 
phosphoenolpyruvate and ADP. 
By contrast, it has been postulated that a nwnber 
of enzymic phosphoryl transfer reactions, in which AT 
is not involved, occur via a phosphoenzyme intermediate. 
Evidence for this in the case of muscle D-glucose-1,6-
diphosphate:D-glucose-l-phosphate phosphotrans£erase 
(phosphoglucomutase; 2.7.5ol) has been obtained from 
kinetic and equilibrium studies (Najjar and Pullman, 
1954; Sidbury and Najjar, 1957) and from the 
observation that exchange occurred between 32 P labelled 
glucose-1-phosphate and the enzyme (Jagannathan and 
Luck, 1949). Tr~ phosphoryl group appears to be linked 
to the protein through a serine residue as acid 
hydrolysis (Anderson and Jolles, 1957) or proteolysis 
(Kennedy and Kosh1and, 1957) yielded 0-phosphoserine or 
peptides containing 0-phosphoserine. This has been 
confirmed by Milstein and Sanger (1961), who mapped the 
active centre of phosphoglucomutase, obtaining the 
sequence 
-Thr-Ala-Ser.P-His-Asp. 
Evidence for the participation of a phosphoenzyme 
in enzymic phosphoryl transfer reactions based 
principally on the isolation of 32p enzymes obtained 
after incubation with the 32p labelled substrates. has 
been obtained for a number of other enzymes, including 
I 
j 
7. 
yeast phosphoglucomutase (McCoy and Najjar, 1959), 
orthophosphoric monoester phosphohydrolese (alkaline 
phosphatase; J . 1 . 3 . 1} (Agren, Zetterqvist and Ojam!:!i.e, 
1959) , D- 2,3-diphosphoglycerate:D-2-phosphoglycerate 
{phosphoglyceromutase; 2.7.5 . 3) (Pizer, 1960), phospho-
serine phosphohydrolase (phosphoserine phosphatase; 
3 . 1 . 3 o3) (Neuhaus and Byrne, 1959) and D-glucose-6-
phosphate phosphohydrolase (glucose-6-phosphatase; 
3 . 1 . 3 . 9) (Hass and Byrne, 1960) . 
Before discussing the role of meta1 ions in 
phosphoryl transfer reactions, it is useful to consider 
the activation of' enzymes by metal ions f'rom a general 
viewpoint . 
General aspects o:f activation by divalent metel ions. 
The absolute requirement o:f an enzyme for a 
diva1ent meta1 ion is becoming an increc1singly :familiar 
phenomenon. For instance, Dixon and Webb (1958a)have 
listed nearly 100 enzymes, not including the haem-type 
enzymes , which either require the addition o:f divalent 
metaJ. ion f'or activation or contain an intrinsically 
bound metal ion . 
It should be pointed out that the requirement of' 
an enzyme for the addition o:f a metal ion should be 
confirmed by studies on a pure enzyme, as otherwise the 
observation o:f clll apparent activating e:f:fect cannot be 
8. 
taken as conclusive evidence for the participation of 
the metal in the cata1ytic mechanism. Thus, an apparent 
activation could be due to a number of indirect effects, 
such as the remova1 of inhibitor compounds as their 
metal complexes, the displacement of inhibitor metals 
combined with the enzyme or the substrate, or the 
stabilisation 0£ the enzyme (Ma1mstr&m and· Rosenberg, 
1959). 
It is clear that, if it has been established that 
the meta1 ion is an essential cofactor for the enzymic 
reaction, then the metal ion must be, in some way, 
modifying one or more of the substrate, the enzyme or 
an enzyme-substrate complex. To discuss the possible 
effects of the meta1 ion, with reference to particular 
enzymes, it is convenient to differentiate between 
ttme talloenzymes tt and 0 me tal-enzynie 1 complexes. This is 
a purely operational classi~ication, based principally 
on the strength of binding of the mete1 to the enzyme, 
but has proved use:f'ul for comparative purposes (Vallee, 
1955). 
Me ta11oenzymes. 
These are characterised by (1) firm attachment of 
the metal to the enzyme, presumably by a predominantly 
covalent bond, and (2) a stoichiometric relationship 
between the metai and the enzyme, so that the ratio of 
9. 
[M] to [Enzyme] is a small integral number. Furthermore, 
the metal and the enzyme form a single entity in the 
natural state. 
Though iron, copper and possibly molybdenum have 
been demonstrated to :form metalloenzymes (Vallee 1955; 
1960; McElroy and Glass. 1950), the most closely studied 
are yeast and liver alcohol: N.AD oxidoreductases 
{alcohol dehydrogenase; 1.1.1.1), carboxypeptidase 
(3.4.2.1) and carbonate hydro-lyase (cBrbonic anhydrase; 
4.2.1.1), all o:f which contain zinc. These zinc enzymes 
have been studied, with particular reference to the 
:function o:f the meta1 ion, by Val.lee's group at Harvard 
and by Lindskog and Malmstr m. 
Analyses o:f the metal content have resulted in the 
establishment o:f the :following relationships between 
metal and enzyme: 
(CPD)Zn for carboxypeptidase (Vallee and 
Neurathj 1954; Vallee, 1955), 
(YADH)Zn4 for yeast alcohol dehydrogenase (Vallee 
and Hoch, 1955), 
(LADH)Zn2 :for liver al.coho! dehydrogenase (Val.lee 
and Hoch, 1957), 
(CA)Zn for carbonic anhydrase (Lindskog, 1960; 
Lindskog and Ma1mstr6m, 1962). 
That the meta1 is intimately concerned with the activity 
10. 
of these enzymes has been strikingly illustrated with 
carboxypeptidase (Vallee, Rupley, Coombs and Neurath, 
1960) , where it was :found that removal o:f the metal 
resulted in a concomitant loss o:f activity. The activity 
could be restored not only by the addition o:f Zn
2
+ but 
also by the addition of other mete-ls o:f the :first 
t it
. . . u-2+ F 2+ N.2+ C 2+ C 3+ 
rans ion series; viz ., .Pu.a. , e t 1 , o , r • 
Similar observations have been made :for carbonic 
anhydrase (Lindskog and Malmstr8m, 1962), the activity o:f 
the enzyme being shown to be a direct function o:f the 
t 1 t t I thi nl C 
2+ b .d 2+ 
me a con en . n s case o y o , esi es Zn , 
was :found to restore the activity o:f the enzyme. 
Unlike the above enzymes, remova1 o:f zinc from 
the alcohol dehydrogenases gives rise to irreversible 
inactivation, probably because the zinc is required :for 
the maintenance o:f the structural integrity o:f the 
enzyme . This is certainly the situation :for yeast 
alcohol dehydrogenase, where complete removal of' the 
zinc , by prolonged dialysis against 1,10-phen nthroline, 
results in the irreversible dissociation o:f an enzyme o:f 
M W 150 , 000 to :four inactive protein units o:f M.W. 
36 , 000 (K gi and Vallee, 1960). 
Hoch and Va11ee (1956) and Hoch, Williams and 
Vallee (1958) have presented kinetic evidence that zn
2
+ 
assists in the binding o:f nicotinamide-adenine 
11. 
dinucleotide (NAD) to yeast alcohol dehydrogenase. It 
was found that 1,10-phenanthroline caused an immediate 
inhibition of the enzyme, this inhibition being 
competitive with respect to NAD or NAD~. Spectroscopic 
evidence for the formation of an enzyme-Zn-1,10-
phenanthroline complex, implying the possible formation 
of an enzyme-Zn-NAD complex, has been obtained for both 
the yeast and the liver enzymes (Va11ee, Coombs and 
Williams , 1958; Va1lee and Coombs, 1959). 
Evidence for other NAD dependent dehydrogenases 
being zinc meta1loenzymes has a1so been obtained {Vallee, 
Hoch, Adelstein and Wacker, 1956) but detailed studies 
have not been carried out . 
Metal-enzy:me complexes. 
For these enzymes, where the metal ion does not 
form a strong complex with the enzyme, chemic a1 
stoichiometry is difficu1t to establish. It has proved 
difficult to carry out direct studies on a metal-enzyme 
complex and most explanations for the function of the 
metal ion have been reliant on a study of the enzymic 
activity in the presence of added metal ion. 
Where it has been sho m that a meta1 ion is an 
essential cofactor for an enzymic reaction, it has 
become generally accepted that such a reaction proceeds 
via an active complex involving enzyme, metal ion and 
12. 
substrate often referred to as an EMS complexo Because 
maximwn activity of the enzyme requires relatively high 
concentrations of metal ion, the metal is available for 
reaction with the substrate, independent to the enzymic 
reaction. This has led to two principal points of view 
as to the function of the metal ion. Firstly, that the 
metal ion interacts with the enzyme to give an "active" 
enzyme. This could be due to a structural rearrangement, 
analogous to the role played by zinc in yeast alcohol 
dehydrogenase (K gi and Vallee, 1960), or the meta1 may 
modify the enzyme so that the substrate can approach 
the active site. Alternatively,it has been postulated 
that a meta.1-substrate complex may form the 'true" 
substrate of an enzymic reaction, i.e., the substrate 
may be modified both electronically and structurally 
facilitating enzymic attack. It should be pointed out 
that the second possibility does not necessarily 
preclude interaction between the metal and the enzyme. 
These two proposals \dll be discussed in more detail in 
the next section with particular reference to the 
phosphoryl transfer enzymes. 
The fact that the metal is capable of binding 
with both the substrate and the enzyme has led to the 
idea that the meta1 may :fonn a preferen tial link 
between the two. The formation of such a ttbridge 11 
13. 
structure was proposed by Smith (1951), :from his work 
on the peptidases. There is little doubt that metal 
ions can assist in the binding of organic molecules to 
proteins (Klotz and Ming, 1954; Gurd and Wilcox, 1956) 
but the participation of bridge structures in enzymic 
catalysis has proved difficult to establish unequivocally. 
Examples of enzymes requiring the presence of 
metal ions :for activity are D-2-phosphoglycerate hydro-
lyase (phosphopyruvate hydratase or enolase; 4.2.1.11), 
the peptidases and the phosphoryl trans:fer enzymes. O:f 
these, phosphopyruvate hydratase has been studied in 
terms o:f its metal ion requirement by Wold and Ballou 
(1957) and by Malmstr6m and his colleagues. It was 
:found that the enzyme is activated by the divalent metal 
. M 2 + Z 2 + M 2 + F 2 + Cd2 + C 2 + d N. 2 + ions g , n , n , e , t o an 1 
(Ma1mstr m, 1955a; Wold and Ballou, 1957). Evidence :for 
interaction between the metal and the enzyme was obtained 
from kinetic studies with Zn2 + (Ma1mstr6m, 1953, 1954) 
and substantiated by equilibrium dialysis and electron 
spin resonance measurements with Mn2 + (Malmstr m, 
V~gard and Larsson, 1958). It was concluded that 
the active enzyme was a metal complex containing one 
mole o:f activating ion per mole of protein. 
Experiments designed to test for the participation 
o:f a bridge structure in the reaction cata1ysed by 
14. 
phosphopyruvate hydratase were carried out by Malmstr6m 
{1955b). It was :found that Zn2 + certainly facilitated 
the binding of the substrate, 2-phosphoglycerate, but 
that f'our molecules of substrate were bound to the 
enzyme even though the earlier studies had indicated 
that it had only one active site. Further , it was 
found that zn2 + had a similar mediating ef':fect on the 
binding of' 2-phosphoglycerate to albumin . Thus• while 
the metal certainly appeared capable o:f :forming a 
pre:ferential link between the protein and the substrate, 
the evidence :for the participation o:f such a complex in 
the catalytic reaction was not conc1usiveo 
For paramagnetic ions, magnetic resonance techniques 
can give much in:formation. With Mn2 + as the activating 
ion, Larsson-Raznikiewicz and Malmstr8m (1961) concluded 
2-that 3-phosphoglycerate kinase reacted with MnATP and 
not with the f'ree metal. Cohn and Leigh (1962), using 
nuclear magnetic resonance, arrived at a similar 
1 · ~ t · k · · th Mn2 +, t"nough '1ari th cone usion or crea ine inase w1 "~ 
phosphopyruvate hydratase the metal. appeared to be 
reacting with the enzyme. The results with creatine 
kinase shall be discussed in more detail in the 
Conclusion. 
All enzymic phosphoryl transfer reactions involving 
the adenine nucleotides appear to show an absolute 
requirement for a divalent meta1 ion (Lardy, 1951). 
Because of the weak interaction between the metal and the 
enzyme, postulates concerning the function of the metal 
ion have been largely reliant on evidence :from kinetic 
experiments. 
The mechanism of the~tal. activation of phosphoryl 
transfer enzymes: a comparison of the conclusion that 
the metal-nucleotide complex is the •true" substrate 
with the concept of the formation of an active metal-
enzyme complex. 
Most of the early kinetic studies of enzymic 
phosphoryl group transfer reactions were c~xried out in 
the :forward direction only, as ATP was available in a 
purified state some time before ADP. The observation by 
a number o:f workers that optima1 activity was obtained 
when the concentration of ATP approximately equalled 
that of the added metal ion led to the hypothesis that 
the enzyme reacted with a metal - ATP complex. It was 
subsequently found that this relationship does not hold 
with ADP as the substrate. This latter :finding has 
given support to the alternative postulate, that the 
function of the metal. ion was to form an active meta1-
enzyme complex. 
On the basis that the optimum Mg2 + concentration 
16. 
for the reaction cata1ysed by ATP:D-fructose 1-phospho-
transferase (ketohexokinase, fructokinase; 307.1.3) was 
dependent on the ATP concentration, and having 
2+ demonstrated that Mg formed a complex with ATP, Hers 
(1952) concluded that this complex was the true substrate 
f'or the reaction . Similar conclusions :for hexokinase 
were reached by Liebecq (1953), who demonstrated 
maximum activity :for this enzyme when the Mg:ATP ratio 
equalled unity . This concept has been extended to other 
phosphoryl trans:fer enzymes, e . g . , ATP:D-gluconate 6-
phosphotrans:ferase (gluconokinase; 2.7.1.12) (Leder, 
1957) , Mg- activated ATP phosphohydrolase (Mg-activated 
actomyosin ATPase; 3.6.1 . 4) (Perry and Grey, 1950). 
Kuby , Noda and Lardy (1954b) carried out kinetic 
investigations o:f a crystalline preparation of creatine 
kinase , studyine the reaction in both directions. With 
ATP as the substrate , maximum activity occurred when the 
total concentration of Hg was equal to that o:f the total 
ATP , regardless o:f the concentration o:f the latter. This 
observation, together with the demonstration that the 
observed K value for ATP in the presence o:f a fixed 
m 
total concentration of Mg was the same as that obtained 
:for Hg in the presence o:f the sa,."Jle fixed concentration 
2-
of' ATP , led to the conclusion that HgATP was the true 
substrate of' the reaction. Employment of' totaJ. Mg 
17. 
concentrations in excess of the optimum, resulted in a 
depression of the reaction velocity and this was 
attributed to the binding of a second molecule of Mg2 + 
by MgATP2- to :form a "less active" Mg2ATP complex. The 
experimental results :for the reverse reaction were not 
so clear-cut though similar conclusions were reached. 
In this case maximum activity was reached with the 
Mg.ADP ratio somewhat greater than unity and the 
agreement o:f the respective K •s was not as good. All 
m 
results were referred to tota1 concentrations of Mg and 
nucleotide and no attempt was made to differentiate 
between the different :forms of the nucleotide in solution. 
It should be pointed out that, at the time these 
results were obtained, the available estimates :for the 
stability constants of the MgATP2- and MgADP-
complexes, viz., approximately 850 and 400 M-1 , 
respectively (Burton and Krebs, 1953), were too low by 
some orders of magnitude (Burton, 1959; Bock, 1960; 
this thesis, Chapter II). On the basis of the available 
values, insufficient amounts of the nucleotides would 
have been present as the metal complexes to account :for 
the similarity in the K va1ues :for total nucleotide and 
m 
total metal. This was recognised by Noda, Kuby and 
Lardy (1954), who concluded that considerably higher 
values o:f the stability constants were necessary to fit 
18 . 
their results on the equilibrium of the creatine kinase 
reaction and that a re-eva1uation might be necessary. 
Studies on the kinetics of the forward reaction 
have been extended by Noda, Nihei and Morales ( 1960). 
It was found that a vaJ.ue of 90,000 M-l had to be 
assigned to the stability constant of MgATP2 - to fit 
the kinetic data. On this basis, good agreement between 
experimental. and calculated velocities was obtained 
except when the tota1 ATP concentration exceeded the 
total Mg concentration. The inhibition observed under 
these circumstances was attributed to the increased 
4-concentration of ATP , which was considered to act as 
a weak inhibitor. No inhibitory effects of excess 
tota1 Mg over total ATP were reported. For the reverse 
reaction (Nihei, Noda and Morales, 1961) it was 
concluded that MgADP- was the true substrate, with 
ADP
3- _, 
a competitive inhibitor, a va1ue of 2 , 000 M ~ 
being assigned to the stability constant of MgADP-. 
Kinetic studies on ATP:arginine phosphotransferase 
(arginine kinase; 2.703.3) were carried out by Griffiths, 
Morrison and Ennor (1957), with particular reference to 
the activation by Mg2 + . In agreement with the results 
for creatine kinase, it was found that maximum activity 
was obtained for the forward reaction when the Mg : ATP 
ratio as unity. However, for the reverse reaction, 
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the ratio of Mg to .ADP for maximum velocity varied from 
J to 8. These workers used the values of' Burton and Krebs 
(1953) for the stability constants of MgATP2-
t .r.- ,&' Mg2 + to calculate the amoun o..i: .1.ree present. 
and MgADP-
It was 
found that maximum velocity was obtained at the same 
concentration of free Mg2 + for both the forward and 
reverse directions. On this basis it was concluded that 
the function of Mg2 + was to form an active metal-enzyme 
complex, which then reacted with the free nucleotide. 
The interaction between Mg2 + and the two nucleotides was 
considered to be a side reaction. As mentioned above, 
the values used for the stability constants were much 
too low and thus the basis for the conclusions drawn by 
these workers is almost certainly incorrect. 
The proposa.1 that the metal ion forms an active 
meta1-enzyme complex has received support from Geske, 
Ulbrecht and Weber (1957) and Nanninga (1959). The 
4- 2- . latter worker considered ATP and CaATP as alternative 
substrates for the reaction catalysed by JTP phospho-
hydrolase (Ca-activated myosin ATPase; J 6.1.3), carrying 
2-
out determinations of the stability constant of CaATP 
under the same experimental conditions as for the enzymic 
experiments. The conclusion was reached that the kinetic 
data could be explained from two points of view, viz., 
2-either an active CaATP complex reacts with the enzyme 
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or the :free ATP4- re~cts with an active Ca-myosin 
complex. However, it was believed that the inhibitory 
2+ 
e:ffect o:f excess Ca was explained more satis:fe.ctorily 
on the latter hypothesis. I:f the :first mechanism was 
correct, it would have to be assumed that Ca2ATP was 
:formed and that this was inactive; in the case o:f the 
second mechanism, it would be expected that, with excess 
ca
2 +, less substrate would be available since all the 
2-ATP would exist as CaATP • On this basis, a plot o:f 
activity against total calcium concentration gave good 
agreement between theory and the experimental results, 
particularly in predicting the position o:f the Ca-
optimum (Nanni11ga, 1959; Fig. 8). 
The interaction between tbe reaction components o~ 
creatine kinase. 
At the time this work was commenced the two 
approaches outlined above had been considered to be 
virtually exclusive, so that only one :form o:f the 
substr2te was thought to be capable o:f reacting with the 
enzyme . More recently, Noda et a1. (1960) and Nihei et a1. 
-- --
(1961) have :found it necessary to consider more than one 
species o:f the nucleotide. It is use:ful to illustrate 
the inherent weakness in the assumption that only one 
species reacts with the enzyme. 
Consider the reaction catalysed by creBtine k.i1ase: 
ATP+ creatine 
M 2+ 
g ' 
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ADP+ phosphorylcreatine. 
I:f the reaction is considered as taking place at pH 8.0, 
in a non- interacting bu:f:fer medium, then in the absence 
o:f meta.1 ion the nucleotide would be present principally 
as ATP4- with some HATP3- , as the tennina1 phosphate 
group o:f ATP has a pKa at approximately pH 7. On the 
2+ 
addition o:f the metal ion, e.g., Mg , the complexes 
- 2-MgH.ATP and MgATP would be :formed. The concentration 
of the various species would depend on the molar ratio 
o:f Mg2 + and ATP , MgATP2 - beiri..g the predominant :fo:rm o:f 
the nucleotide when Mg2+ was equal to or greater than 
the tota1 ATP concentration. Thus, any kinetic study 
should at least consider the species, MgATP2 - and the 
:f ~ Mg2 + and ATP4-. ree .i.orms , Further, the concentr2tions 
of these species should be known under the experimental 
conditions of the enzyme experiments. 
Many kinetic studies (e.g . , Reynard~~., 1961; 
Nihei , Noda and Morales, 1961; Fromm and Zewe, 1962) 
have been carried out with excess o:f divalent metal ion 
so that virtually all the nucleotide has been present as 
the metal. complex , so that there was no need to consider 
any possible interaction of the free nucleotide with the 
enzyme . 
THE AIMS OF THE PRESENT WORK 
I:f it is assumed that an enzymic reaction requiring 
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the presence of a metal ion, proceeds via an active 
enzyme-metal-substrate complex, then the two approaches 
considered above would lead to such a complex being 
formed by direct combination of the enzyme with the 
metal-nucleotide complex or by combination of the enzyme 
first with the free metal and then with the free nucleo-
tide. It is possible that such a complex could also be 
formed by reaction of the enzyme with the free nucleotide 
and then the free metal ion. This may be illustrated 
diagramm~tically: 
1' M + S H 
H 
Jf K5 
H 
~ ] MS 
.µ 
co 11 K6 p.. t 
E + s ~' ES 
K2 
EMS 
~K4 K 
EM ' 3 E + .M , . 
-- Pathway I -<~~- Pathway II~ 
Products 
The object of the work described in this thesis 
has been to use a genera1 kinetic approach, which would 
consider all the possible ays in which such an EMS 
complex might be formed, in an attempt to define the 
role of the Mg2 + ion in the activation o:f the reaction 
catalysed by creatine kinase . Provided that all the 
steps, which le ad to tbe :form a ti on of the EMS complex, 
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are in equilibrium, the above three pathways involve six 
dissociation constants, which are linked by the 
relationship K1K2 = K3K4 = K5K6 • That is, the 
concentration of EMS must be the same no matter by which 
pathway it is formed. If one of these constants and the 
concentrations of the free metal and free nucleotide are 
known, then it is possible, :from kinetic data, to assign 
values to all of the equilibrium constants. A full 
treatment of the theory of this kinetic approach, due to 
Professor A.G. Ogston, is reproduced in Chapter IV. 
The only K val.ue which is easily measurable is K5 , 
the inverse of the stability constant of the metal-
nucleotide complex. This is also required to calculate 
the relative concentrations of free metal., free nucleotide 
and metal-nucleotide complex in the reaction system. A 
number o:f estimates of 1 /K5 have appeared in the 
literatur (see Bock, 1960). The variation in these 
values is consider able, even allowing for di:f:ferences in 
experimental. parameters such as ionic strength, pH and 
nature of the supporting medium used for the meesurements. 
In view o:f this variation, independent determinations of 
1/ 2- -K5 for MgATP and MgADP have been carried out under 
conditions so that they would be directly applicable to 
the enzymic kinetic studies. 
CHAP'IER II 
THE MEASUREMENI'S OF THE STABILT'I'Y CONSTANTS 
OF :MAGNESIUM- ADENINE NUCLEOTIDE COMPLEXES 
CHAPTER II 
THE 1v!EASUREMENTS OF THE STABILITY CONSTAJ,,~S OF 
MAGNESIUM- ADENI iiE NUCLEOTIDE COMPLEXES 
I1'J""TRODUCTION 
Various attempts have been made to determine the 
- 2-stability constants of Mg.ADP and MgAT complexes 
(see Bock, 1960) but there have been discrepancies in 
the values reported by a number of investigators 
(Table 1). The variation in the values for 1-gADP- is 
not as great as those f'or MgATP2- which range over an 
order of magnitude. This variation may be attributed 
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in part to the different experimental techniques used. 
In principle, the preferred technique for measuring the 
stability constants of metal-ligand complexes is that 
of pH- titration (Rossotti and Rossotti, 1961), where the 
ligand is titrated in the presence and absence of a known 
quantity of metal ion. From the titration curves, data 
may be extracted to fit equations involving the formation 
of metal complexes. 
The application of pH-titration measurements to 
the determination of the stability constants of metal-
nucleotide complexes has proved difficult in practice 
because the large number of ionising groups on the 
TABLE 1 
Reported v 
where K == 
lues of' the stability constants, K, of' magnesiwn-nucleotide complexes, 
LMlt-nucleotide 
K 
(M-1) 
2+ • [Mg ] [free nucleotide 1 
Method 
NgADP- MgATP2 -
1,000 
1,300 
560 
1 , 400 
2,200 
J ,000 
10,000 
2 , 000 
11 , 000 
38 , 000 
90,000 
pH titration 
pH titration 
Ion exchange 
Ion exchange 
Spectral changes 
of' 8-hydroxy-
quinoline 
Estimated value 
which f'i ts enzyme 
kinetic data 
Conditions 
0 .2 1'-1 tetra-n-propyl-
ammonium bromide, 25° 
O .. l M KCl , 20° 
0 . 085 M NaCl plus 
0.02 M Tris, pH 8 . 0, 
23° 
O.l M NaCl plus 0.01 N 
Tris, pH 8.2, 23° 
0.085 M tributylethyl-
2mmonium bromide plus 
0.025 M triethanolamine 
hydrochloride , pH 8. 4 , 
250 
0.05 M glycine-NaOH, 
0 pH 9.0, JO 
Reference 
Smith and Alberty 
( 1956) 
Martell and 
Schwarzenbach (1956) 
N anninga ( 19 57 ) 
Walaas (1958) 
Burton (1959) 
Noda, Nihei and 
Norales ( 1960) 
nucleotide lead to complex mathematical expressions, 
which are difficult to solve. They have been simplified 
by the use of various approximations, but these have 
generally been unwarranted. Thus, Martell and 
Schwarzenbach (1956) assumed that in the presence of a 
ten- f'old excess of magnesium ion, the titration curve 
of ATP was represented by the equation, 
MgHATP- MgATP2 -
25 . 
the concentrations of the species HAT 3- and TP4- being 
considered to be negligible. Again, Smith and Alberty 
(1956) neglected the acid consumed in protonating the 
purine base when calculating the free hydrogen ion 
concentration of such solutions. 
Other methods which have been widely used are 
those involving competition between ligands. A competing 
ligand may be a resin (Schubert, 1952) or a second organic 
compound whose metal complex has a different absorption 
spectrum to that of the free ligand. In both cases, 
measurements are usually carried out at constant pH and 
ionic strength. Thus the effect of any buffers used 
should be considered in terms of their possible interaction 
with metal ions and cognisance should be taken of' the pH 
relative to the concentrations of the different ionised 
species of' the nucleotide. 
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The possible effect of other supporting media has 
often been overlooked. Although values are available 
for the stability constants of potassium-ATP and sodium-
ATP complexes (Melchior, 1954; Smith and Alberty, 1956), 
Martell and Schwarzenbach {1956) carried out their 
measurements in 0.1 M KCl and considered that the inter-
action of the potassium cation with ATP
4
- was negligible. 
The same assumption for Na was made by Walaas (1958), 
who carried out ion exchange measurements in 0.1 M NaCl. 
Temperature and ionic strength have also been shown to 
affect the apparent values of the stability constants of 
metal- TP complexes (Nanninga , 1957; Burton, 1959). 
It is apparent that even if selection of a "correct" 
stability constant were possible from the values reported 
in Table 1, then extrapolation to other experimental 
conditions would be difficult. 
If stability constants of the metal-adenine 
nucleotide complexes are required for the interpretation 
of enzyme kinetic exper~~ents, it is preferable that they 
be determined l.Ulder the conditions as close as possible 
to those for the kinetic measurements. Hence, determin-
ations of stability constants have been carried out using 
Burton's (1959) spectrophotometric technique. In 
addition, a pH titration technique has been used to provide 
confirmation of these results and a more nearly 'thermo 
2-
dynamic" value for the stability constant of MgATP • 
THEORY 
The determination of stability constants using the 
spectral changes of 8-hydroxyguinoline. 
The theory of this method has been fully elaborated 
by Burton (1959) and only the salient features are 
reproduced. Concerning, for example, ATP, it can be 
shown (Burton, 1959) that the stability constant, K, of 
2-MgATP is given by 
K - 1 where [Mg2 ] 1; is the free magnesium 2 
concentration when [MgATP2 -J 1 - -2 [ATP ]T ; i. e. 
referring to Fig.1, 
K 1 Be' at CD 
However, [Mg2+J1; was found by Burton to depend on 2 
the concentration of [ATP]T. 
K 1 
[Mg2+]1/ 
2 
Thus K is represented by 
+ 
~here k 1 is a factor introduced by Burton to allow for 
this dependence, attributed by him to the formation of a 
ternary nucleotide-metal-8-hydroxyquinoline complex. 
K is found by plotting values of [i1g2 +J112 for various 
values of [ATP]T and extrapolating to [ATP]T = O. 
0.08 I / • 
• I . / 0.06 I • w D / <] • • / / . 0.04 I 
• //· 
0.02 6/. 
/• 
0.1 0.2 0.3 O . .t 0.5 
[Mg]T mM 
0.6 
Fig . 1. 
2-Fonnation of lg .TP complex. 0.75 mM 8-hydroxy-
quinoli e, O.l M triethanolamine hydrochloride (pH 8.0); 
temp . 30°; cells 4 cm. le - \e t no TP; I• - .. 
2 mM ATP, \II - \II , 3 mM ATP . The shaded area 
indicates the amount of :Mg-8- hydroxyquinoline complex. 
F'or the same ex tine ti on, AB = agne sium bound to oxine, 
' 
BC= free 2+ ig , CD= magnesium bound to ATP. e = change 
in extinction at J60 mµ. 
An estimate of K can also be obtained from the 
initial slope of the titration curve for TP. Again, 
the value of K was :found to depend on the [ATP]T 
concentration, so that Burton found it necessary to 
introduce another constant, k 2 , to allow for this. 
He derived the expression 
K -
-
[MgATP2-J 
+ 
for [Mg2 ]--:) o, to describe the slope of the initial 
portion of the curve. 
The determination of stability constants using pH 
titration. 
For the titration of the disodium salt of AT in 
the presence o:f Mg2 , the following equilibria must be 
considered: 
) 
-
\ MgHAT 
wher K
1
, K
2 
and K
3 
are the stability constants of the 
appropriat magnesi complex s, with respect to 
dissociation into metal ion and ligand. 
Lin ar equations describing these equilibria may 
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best up in terms of total ATP, total Mg and~(positive 
charges) =Dnegative charges). Thes equations contain 
two more unknowns than there are measurable quantities 
and thus are incapable of exact solution at any given 
29. 
titration point. Two attempts to overcome this have been 
made; viz. an approximation method and the use of a 1620 
IBM computer to solve the equations using pairs of 
selected points. 
A. pproximation technique. 
The titration of ATP in the presence of a twenty-fold 
excess of Mg2 + was used to obtain an estimate of pK , 
m2 
which value may be used to obtain a first approximation of 
K2 and K3• In this treatm
ent, MgH2ATP is neglected and 
only the species MgHATP- and MgATP2 - are considered. 
This wou1d be reasonably va1id above pH 5. For convenience, 
the designations L = ATP and M = Mg, are used. 
First approximation. 
Considering the total metal concentration, 
[~ J [MHL-] + [ML2- ] - [M]T ( J.) 
so that [ML2- ] [MHL- ] - [M]T - [M2] 
and hence [ML2-J {l [H J l - [M]T - [M2+] (2) 
~2 J 
Considering total ligand concentration, 
(3) 
JO. 
From {1); [ 2 ] - [M]T - [MHL-] - [} 2-] 
- [M]T - [L]T + [H2L2 - ] + [HL3-] + [L4-] 
For [M]T - [L]T 
[M2] 
-
[H2L2-] [HL3-] + [L4-] (4) 
Considering the sum of positive and negative charges 
of' the speci s in solution at any time, 
[K+] [H] 2[L]T 2[M2 ] - [ - 1 ~ .J 2[ML2-] 
{N.B. 2[L]T terni arises because ATP is added as the 
disodium salt; 2[M]T term because magnesium is added as 
the chloride). 
Substituting for [M2 +] gives 
[K+] + [H+] - [OH-] - [}llIL- ] 2[ML2-] + [~3-] + 2[L4-J {6) 
Substituting f'or [MHL-] , [ML2-] and then [M2+] 
gives [L 4-J. This is used to calculate [M2+] and 
• -
Similarly, calculation of [~1HL-] gives 
-
Once a reasonable estimate of' these two constants is 
obtained, K2 is utilis
ed in a more exact theory. This 
makes no assumptions about pK but presumes that K2 is 
m2 
known. 
(7) 
(8) 
Second approximation. 
Considering equations (1)' (4) and (6), 
i.e., [~+] [MHL-] + [ML2-] - [ ]T - [L]T 
[ 2 J 
-
[H2L2-] + [HL3-] [L4-] 
Substituting successively in {6) for [ML2-] and 
[M2+], 
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(1) 
(4) 
{6) 
[K ] [H ] - [OH-] = 2[M]T - 2[1-f+J - [rvrnL-] + [HL3-J + 2[L 4-J 
= 2[L]T - [~IHL-] - 2[H2L2-] - [HL3-] 
Substituting for [MHL-] = K2 [M2~][HLJ-J and 
expressing all L-terms in terms of [L4-J, 
2[L]T - [K] - [H] [OH-] 
[L4-] , ,/B2 i.e., - - B 
2A 
where A - K2 [H] 
·{1 + [H] + [H ]2 
K K K K 
a2 a2 al a2 
B 
-
[H] + 2[H ] 2 
K Ka Ka 
a2 1 2 
C = 2[L]T - [K] - [H] 
-
(9) 
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The ratio of bound to total metal is given by 
-
[Ml-IL -J [ML2-J 
n - [M2 J [?, -] [:t-tlL 2-J 
(10) 
-
[L]T - [L4- J 11 + [H] [H+]2 1 K Ka Ka a2 1 2 
(M]T 
(11) 
Equation (10) may also be expressed in the :form, 
[ 3- 1 [ 4-1 
__ K2 HL ~ + K3 L ~ n 
- 1 + K2[HLJ- ] + KJ[L4-] 
(12) 
Rearranging: KJ = (1 - ii) 
-n (13) 
B. Analysis of data by the 1620 IBM Computer. 
The same basic equations, describing the equilibria 
between the different species of ATP and the corresponding 
magnesium complexes, as f'or the approximation method were 
used , except that K1 (the stability constant of MgH2ATP) 
was included. The rationale of' the method was to select 
dif'f'erent values of K1 and to compute the best values
 
f'or K2 and K3 from pairs o:f poin
ts selected along the 
titration curve. Thus for the two points consideredt 
different values of' K2 and KJ were obtained :for each value 
of K1 and it was possible, by comparing the r
esults :from 
dif:ferent pairs o:f points, to select the "best" value :for 
each constant, or at least to define the limits within 
which those constants must lie. 
The author's contribution to this work was minor 
as the major part of the theoretical work was deve1oped 
by Dr. D. D. Perrin and the Programme was written by 
Miss E. A. Reid. Thus, ful1 details of the theory and 
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the logic used, are included in this thesis as an appendix. 
MATERIALS 
Nucleotides. 
ATP, obtained as the disodium salt from Sigma 
Chemical Co., was twice recrystallised from 50% ethanol 
(Berger, 1956), dried in air at room temperature and 
0 
stored at -10. The resultant salt was characterised 
as Na
2
AT .4H20 by elementary analysis (found: P, 14.9; 
N, 11.27; H
2
0 , 10.9: theory for Na2ATP.4H20; P, 14.9; 
N, 11.24; H
2
o, 11.5%) and by determination of the 
mo1ecular extinction at 259 mµ {Bock, Ling, Morell and 
Lipton, 1956). No ultraviolet-light-absorbing contam-
inants were observed after chromatography in isobutyric 
acid-NH
3 
(sp.gr., 0.91rwater (66:1:33• v/v) {Krebs and 
Hems, 1953). 
ADP, obtained as a Na- salt from Sigma Chemical Co., 
as subjected to paper chromatographic analysis under 
the same conditions as described above. Examination in 
ultraviolet light showed that all samples were contam-
inated with AMP and further purification was carried out. 
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ADP (1.7 g.) was dissolved in 50 ml. of water, the solution 
adjusted to pH 7.6 with 1 N NaOH, diluted to 400 ml. and 
passed through a column {2 5 x 9.5 cm.) of Dowex-1 
(formate, 200-L,.oo mesh). The column was washed with 
increasing concentrations of formic acid (0.25 - 2.0 M) 
before the ADP was eluted with 4 M formic acid. The ADP 
was adsorbed onto a column of Nuchar C (8 g.), which was 
washed with water, and eluted with ethanol-~ri-r3 (s. G., 
o.88)- water (40:0.1:60, by vol.). The barium salt of 
ADP was precipitated by the addition of 75 ml. of 1.5% 
(w/v) barium bromide in 50% (v/v) ethanol and 120 ml. of 
absolute ethanol to 580 ml. of eluate cooled to o0 • 
After 15 min. the precipitate was collected by centrifug-
ation at o0 , washed with ethanol and ether and dried in 
a vacuum desiccator. The barium salt of ADP was converted 
to the sodium salt by adding it as a slurry to the top 
of a colUDU1 (1 x 15 cm.) of Zeo-Karb 225 (Na+) and washing 
through with water. The solution of NaAD pH 7.0) was 
:free from barium and did not contain any impurities that 
absorbed ultraviolet lieht as judged by paper chromato-
graphic analysis as described above. Following the 
determination of the ADP concentration by measurement at 
259 mµ (Bock, et al., 1956), the solution was diluted to 
--
-2 0 
a concentration of 10 Mand stored at -10. 
An aqueous solution of MgC12 .6H2 0 (AnalaR) was 
standardised by passing measured amounts through an 
Amberlite IR- 120 (H+) column and titrating the effluent 
acid with standard alkali. 
Supporting medium . 
Tetraethy1ammonium bromide, obtained as B.D.H. 
Laboratory Reagent was twice recrystallised fr m 
alcohol- ether . 
Carbonate - free alkali. 
Carbonate ion was precipitated from a stock 
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solution of YOH {approximately 1 N prepared from AnalaR 
reagent) with barium hydroxide solution and the excess 
barium was removed by passing the alkali through a colunm 
of Amberlite IR- 120 (K+ form). The alkali was collected 
under nitrogen, standardised, and diluted as requj_red with 
carbonate - free ater. 
Buffers. 
Commercial triethanolamine was purified, follo ing 
the method of G rmann and Knight (1933,. 
Approximately 200 ml. of crude triethanola.mine was 
neutralised to a slight excess of acid, with 10 N HCl, the 
temperature being maintained below 15°. The crystals of 
triethanolamine hydrochloride were allowed to settle for 
one hour, washed thoroughly with 95~ ethanol and drjed 
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for an hour at 110°. The yield of the hydrochloride 
was 192 g . KOH pellets (44 g.) were ground under 
isopropyl alcohol (100 ml.) in a mortar and added to 
800 ml. of isopropyl alcohol. Triethanolamine hydro-
chloride was then added, the mixture refluxed in a water 
bath for 3 hr., allowed to stand overnight and the 
precipitated NaCl removed by filtration. The isopropyl 
alcohol was removed by distillation at atmospheric 
pressure. Triethanolamine was obtained by distilling 
under reduced pressure (0.5 mm.Hg) and that fraction 
distilling at 167-168° was collected. Nitrogen analysis 
indicated that the purified preparation was 98-99% pure. 
Tris(hydroxymethyl)aminomethane (TRIS) was a 
Fisher Certified Reagent issued as 99.98% pure. 
N- ethy1morpholine, as obtained from Eastman-Kodak was 
0 distilled three times under reduced pressure at JO. 
The buffers were prepared at 0.5 M concentration, 
adjusted to the required pH by the addition of 5 N HCl 
and diluted as required. The pH values of the diluted 
buffer solutions ~ere checked on a Vibron Electrometer 
Model 33B pH meter reading to 0.001 of a pH unit. 
8 - Hydroxyquinoline was AnalaR reagent grade material. 
Phosphorylcreatine. 
PC was prepared by the method of Ennor and Stocken 
( 1948 ). The crysta1li e product (5 g.) was dissolved 
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in 100 ml. of water, passed through a column (1.5 x 10 cm.) 
o:f Dowex-.50 (Na, 200-400 mesh) and recrystallised from 
the effluent (150 ml.) by the addition of absolute ethanol 
to a concentration of Bo% (v/v). Elementary analysis 
indicated that the product was pure and contained 6 moles 
of water of crystallisation. 
METHODS 
The determination of stability constants using the spectral 
changes of 8 - hydroxyquinoline. 
The concentration of magnesium-8-hydroxyquinoline 
complex formed was determined by carrying out measurements 
at 360 mµ., the wavelength of maximum spectral difference 
between 8 - hydroxyquinoline and its magnesium complex, on 
a Shimadzu {QR-50) spectrophotometer. MgC12 (0.1 M) was 
added from an Agla Micrometer Syringe to the solution of 
8 - hydroxyquinoline in 0.1 M buffer maintained at 30°. 
The pH of the solution was checked on the Vibron 
Electrometer pH meter. 
The stability constant of MgATP2 - was determined by 
carrying out spectral measurements in 10.0 ml. of solution 
contained in a cell of 4 cm. light path and with 
8- hydroxyquinoline at concentrations of' o. 3, O. 4 or O. 75 Ill"f. 
The measurements for MgADP- ere carried out in 3.0 ml. of 
solution in a cell of 1 cm. light path and with 
J8. 
8-hydroxyquinoline at a concentration of o.4 mM. The 
molar extinction of the Mg-8-hydroxyquinoline complex 
was found by measuring the absorption of 0.1 mM 
8-hydroxyquinoline in 0.08 M MgC12 • A plot of the change 
in extinction at 360 mµ ( e) against added MgC12 , in the 
absence of ATP and in the presence of two concentrations 
of ATP, is shown in Fig. 1. 
The determination of the stability constants of mam3:esium 
~nine nucleotide complexes by pH-titration. 
The two termina1 acid dissociation constants of 
-4 ATP were determined by titrating a 5.25 x 10 M solution 
of the disodium sal.t of ATP at 30° with KOH (Ool05 N). 
The titration was carried out in 50 ml. of solution in a 
200 ml. lipless Pyrex beaker closed by a rubber stopper 
through which passed the electrodes, a thermometer, a 
bubbler and a fine-bore polythene tube, which was 
connected to an Agla micrometer syringe. The solution 
was stirred by passing scrubbed nitrogen through the 
bubbler. pH measurements were made using the Vibron 
Electrometer Model 33B (Electronic Instruments Ltd.) 
fitted with an internally shielded glass electrode. The 
output of the pH meter was recorded on a Rectiriter 
recording milliannneter {Texas Instruments Inc.) to 
facilitate assessment of attainment of equilibrium. 
Ca1ibration as based on the standards, potassiwn hydrogen 
9 
8 
7 
:I: 
Q. 6 
5 
4 
3 L...--____.i.--_J_---L.......--..1-----'-
0.1 0 . .2 0 .3 0.4 0 .5 
KOH mis 
FiB: . 2 • Titration curves of ATP. All curves, 
[AT ]T - 4 Curve A, [Mg]T = 0; - 5 . 25 X 10 M. 
curve B, [Mg]T - 5 . 25 X 10-4M ( [Mg ]T - [ATP ]T); 
curve c, [Mg]T - 1 . 05 X 10-2M ([Mg]T - 20[ATP ]T). 
Titrations carried out in 50 ml. of solution, 
ionic strength= 0 . 1 , temp. 30°. 
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phthalate (0.05 M), pH30o = 4.011 and sodium tetraborate 
(0.05 M), pH 300 = 9.142 (Perrin, 1960). 
The alkali was added from the micrometer syringe, 
a volume of 0.5 ml. being required to complete the titratio . 
pH readings were usually taken after the addition of 0.01 ml. 
of alkali. The initial and final pH values were approx-
imately 3.75 and 8.8, respectively. ATP was titrated in 
the presence of two concentrations of MgC12 , as well as 
in the absence of MgC12 • The ionic strength wa
s maintained 
at 0.1 by the addition of tetraethylammonium bromide. 
RESULTS 
Determination of K for Mg,ATP
2
- from the spectral changes 
of 8-hydroxyquinoline. 
Measurements of the apparent stability constant (K) 
of MgATP2 - at pH 8.0 have been carried out in three 
buffers, tris(hydroxymethyl)aminomethane (TRIS) , trieth-
anolamine and N-ethylmorpholine. The results are shown 
in Table 2, together with an 'absolute" value, K*, 
calculated on the basis that the pK of the final phosphate a 
group of AT is 7.0 and thus at pH 8.0, approximately 90'fo 
4-
of the AT is present as ATP • Similar results were 
obtained at the three concentrations, 0. 3, o.4 and 
0.75 niM, of 8-hydroxyquinoline used. 
The nature of plot from which the value of K is 
determined is illustrated in FigoJ where points for 
TABLE 2 
Measured values for the stability constant of Mg TP2-
(K refers to the experimenta1 stability constant and 
K* to an absolute' stability constant calculated :from 
Kon the basis that the pK o:f the termina1 group o:f 
a 
ATP was 7. 0) • 
K K* No . o:f Method pH (M-1) (M-1} experiments 
Spectral changes o:f 
8-hydroxyquinoline: 
( a) TRIS buffer 7.99 18,000 20,000 3 
!2,000 I 11,000 (b) Trie thanolamine 8.02 70,000 4 
buffer +6,ooo 
-
(c) N-Ethylmorpholine 8.01 77,000 85,000 3 
buffer +7,000 
-
pH titration 
(a) Approximation method: 90,000 M:-l 
(b) Value obtained from computer: 75,000 M-l 
0.05 
~N 
r:---0.03 
N 
0) 
b 
0.02 
0,01 
0.5 1.0 1.5 2.0 2,5 
Fig . 3 Determination of the stability constant of 
MgATP2 - in triethanolamine buffer (0.1 ~' pH 8.0) 
0 
at J • le - e , [Mg2 +] 1 values; 2 
slope values. The [i1g2 ] 1 values 
2 
0.014 mM so that K = 71, 400. 
0 - O, · itial 
ext apo1ate to 
[Mg2 Ji and for the initial slopes are shown. 
2 
Greater 
weight has been placed on the [Mg2 ] 1 points as it was 
2 
possible to determine these with greater precision. 
The variation in the value of' [Mg2 +J,., with the 
2 
concentration of ATP, as determined in different exper-
40. 
iments, in the presence of' triethanolamine, is illustrated 
in Fig. 4. The best line has been drawn using the average 
value for each concentration of' ATP used and the variation 
in the values, at each concentration is indicated. It 
was found that less variation in the 
obtained with lower concentrations of' 
[Mg2 +] 1 values 
2 
was 
[ATP]T. Above 
JmM [ TP]T, the [Mg2+Jt values tended in some cases to 
deviate towards the x-axis, possibly due to the 
formation of the complex Mg(ATP):-. 
An estimate of K was carried out in 0.02 M 
N-ethy1morpholine, while the ionic strength was kept 
constant at 0.1 by the addition of' tetraethylammonium 
-1 bromide. The value obtained was 80,000 M , correspond-
* -1 ing to a K of 88,000 M <> This is greater than the 
value obtained in 0.1 MN-ethyl orpholine but the 
variation is within the experimental error. 
Determination of K :for MgADP-. 
A plot of' 
[.ADP]T is shown 
[~1g2+] 1 and initial slope values against 
2 
_, 
in Fig. 5, givi e an estimate of 4, 150 Y .. 
for the stability constant of' MgADP-. A repeat experiment 
0.0 S 
o.o 4 
.--IN 
--, 
+ 
N 
0) 0.0 3 
L 
0.02 
0.01 
·----· ~-- -
__,.-
-•,......--
.----
0.5 1.0 1. 5 2.0 2.5 3.0 
Fig. 4. Determination of the stability constant of 
MgATP2 -. Variation in the values of [Mg2 +Ji in 
.2 
triethanolamine buffer (0.1 :M, pH 8.0) at 30°. The 
line extrapolai,es to [Mg2 +] 1 = 0.014 mM so that 
·2 
K = 71,400. 
0.6 
0.5 
~ 
E 0 . .C 
~IN 
t + I 
N 
CJ> 0.3 
z: 
0.2 
0.1 
• 
1 
'2 3 ' s 
[ADP]T mM 
Fig . 5. Determination of the stability constant of 
Mg.ADP - in N- ethylmorpholine b frer (0.1 M, pH 8.0) at 
30°. 1- - e ' [Mg2 +]1 values; 0 - o, initial 2 
sl p al es. Lines extrapolate to 0.24 mM so that 
K = 4,150 -1 1 • 
4 -1 gave a value of' ,COO M • 
The amount of' complex f'ormation between Mg2 + and 
8 - hydroxyqui oline at pH 7.0 was f'ound to be too small 
-f'or estimates of the stability constant of' ¥gAD at 
this pH. -1 An apparent value for K of' 2,400 M was 
found at pH 7• 4. On the basis that the pK for the 
a 
terminal phosphate group of AD was at pH 6.65, and thus 
70% and 85% of the total ADP was present as ADPJ- at 
pH 7. 0 and pH 7.4, respectively, it was possible to 
calculate a value for the apparent stability constant of 
MgADP - at pH 7 . 0. The f'igure obtained was 2,000 M-1• 
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The ef'f'ect of' phosphoryl creatine on the apparent stabilitx 
constant for MgADP - . 
PC has been reported (Smith and Alberty, 1956) to 
1 · th 7t,rg2 + d · th bl f' f'.,t:t t . th comp ex wi · J.'J. an is us capa e o a "· ec ing e 
apparent stability constant of' MgADP-. As the enzyme 
experiments were to be carried out in the presence of' PC 
concentrc:tions in the range 5 to 20 mM, the ef'f'ect of' 
these concentrations of' Con the apparent stabil;ty 
-constant of' MgADP was determined 
It was found that the apparent K value for MgAD 
decreased with increasing concentrations of PC (Table 3). 
Some difficulty was found in obtaining the apparent K 
value f'or PC at a concentration of' 10 mM, though not at 
20 m1'-1, as there was considerable variation in the [Mg]i 
2 
TABLE J 
The effect of PC concentration on the apparent stability 
constant, K, of Mg.ADP-. Estimates carried out at 30° in 
0.1 M N-ethylmorpholine buffer, pH 8 . 0 . 
PC Concentration 
(mM) 
10 
20 
K(MgPC) 
4,000 
J,600 
J,JOO 
0 . 28 
O.JO 
values. However, it was possible to take a direct ratio 
of the [Mg2 +J.1. quantity, with and without PC, a.t each 
2 
concentration of ADP used. 
By multiplying the average ratio by the value of 
Kin the absence of PC, it was possible to obtain an 
estimate of the apparent Kat PC= 10 Illl"L 
A stability constant value of 12 M-l for MgPC 
was calculated from the expression 
K 
-1 This may be compared with the value of 20 M reported 
by Smith and Alberty (1956). 
The determination of stability constants from the 
pH- titr~tion data. 
Titration of ATP under the specified conditions 
gave pK values, calculated from the complete Henderson-
a 
Hasselbach equation, of 
An estimate of pK 
m2 
as 
3.93 + 0.02 and 
-
6. 97 o. 02 • 
-
4.88 was obtained from the 
titration with [Mg]T = 20[ATP]T. 
A. Calculations of stability constants by approximation§• 
In applying the approximation techniques to a 
particular titration curve, 6 to 8 points were selected 
between pH 5.0 and pH 6.5. This pH range was chosen as 
42. 
4J. 
below pH 5.0, the concentration of MgH2ATP becomes 
increasingly important, while above pH 6.5, the titration 
curve changed too rapidly with increasing concentration 
of alkali for accurate determinations to be made. The 
first approximation method, dependent on the value of 
pK , was used to give a series of values for K2 and m2 
K3 , which are pH dependent. These values, plo
tted 
against pH, give a parabola which may f'ace up or down as 
illustrated for KJ in Fig. 6. The values of K2 and K3 , 
obtained from the maximum or minimum of such parabolas, 
were taken as representing the first approximation. 
In this way, different titration curves have given values 
for K2 and K3 from 500 to 850 M-l 
and from 70,000 to 
107,000 M-l respectively. 
An estimate of K2 , within the above range was then 
used in the second approximation. The results obtained 
were compared with results using a value of K2 slightly 
above or slightly below the first estima te . This 
either flattened out the parabola (e.g. EF in Fig.6) or 
increased its curvature. The "best" estimate of K3 , 
and of' K2 , was taken as being given by those values that 
gave the parabola of' least curvature. 
The best" estimates of K2 and K3, obtained in this 
way from separate experiments, are shown in Table 4, as 
are also the average values. These may be compared with 
110,000 C D 
100,000 y 
K L 
K3 90,000 G H 
- 1 80,000 M E F 
X 
70,000 
A B 
5 .25 5.50 5 .75 6.00 6 .25 
pH 
Fig . 6 o Graphic al representation of' the approxinmtion 
methods used to determine the stability constant of' 
1gAT 2- - C _ .,ur·v·c s 
obtain d by th first approximation method £or two 
independent titration curves, X and Y being taken as the 
best values respectively. EF and KI correspond to the 
applic tion of' the second approximc-.tion method, leading 
to the "best" v~lue of' KJ represented by GH. 
TABLE 4 
Separate estimates of K2 and K3 , the st~bility constants 
- 2-of MgHATP and MgATP respectively, as obtained by the 
approximation methods described in the text. Each 
value represents a separate experiment . 
K2 K3 
(M- 1) (M-1) 
680 83,000 
720 97,000 
700 91,000 
750 93,000 
750 80,000 
550 75,000 
800 104,000 
Average. 700 88,000 
the values previously reported, of 800 M-l and 105,000 
M- l (O ' Sullivan and Perrin, 1961). The latter have 
since been corrected £or a small systematic error, 
introduced by using an erroneous value £or the activity 
coefficient of the hydrogen ion in solution. 
B. The calculation of stability constants using the 
1620 IBr-1 Computer. 
Only one set of titration data, for which 
[Mg]T = [AT ]T. = 5. 25 x 10-li M, has been analysed. 
The titration curve was constructed from 50 individual 
pH readings , each obtained from the addition of 0.01 ml. 
of alkali to the ATP solution. Pairs of points, at 
intervals of 10 additions along this curve were selected 
for the computations, within the range pH 4.0 to pH 6.6. 
o ints below pH 4. 0 and above pH 6.6 were neglected as 
it was considered that these would be liable to the 
greatest experimental error. 
The best estimates of the stability constants 
obtained were : 
approximately 
approximately 
10 - 20 M-l 
-1 75,000 M • 
The effect of the ssigned magnitude of K1 on the 
values obtained for K and T( and a summary of values 
2 3 
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... 
obtained is shown in Table 5. The position of th 
pairs of points taken is also indicated. 
The stability constants of other metal-nucleotide complexes. 
Because creatine kinase is activated not only by 
Mg2 but also by ca2 , i\fn2 2+ and Co , it had been hoped 
to carry out comparative studies with these divalent metal 
ions. While this has not yet been done some preliminary 
estimates of the metal-ADP and metal-ATP complexes have 
been carried out (Table 6). 
The approximation methods described above were 
applied to data from the titration of AT with two 
concentrations of CaC12 ([ca]T = [ATP]T and [ca]T = 
20[AT ]T respectively) to extract a value for the 
stability constant of CaATP2 - • 
. 
The estimates for CaADP- and Mn.ADP- were obtained 
by Burton's (1959) spectrophotometric technique, except 
that in the case of Mn.2 +, catechol-3,5-disulphonic acid 
(disodium salt) was used instead of 8-hydroxyquinoline. 
Under the experimental conditions Mn2 + formed a 
precipitate with 8-hydroxyquinoline. 
In conjunction with Dr. M. E. tvinf'ield of the 
Division of Physical Chemistry, c.s.I.R.O., ?-.1.elbourne, an 
attempt was made to measure the stability constant of 
-MnAD using an electron resonance techn·que. It was 
noted that the amplitude of the sie,nal du to Mn
2 was 
TABLE 5 
Summary of some representative values obtained f'rom 
the 1620 IBM Computer for the stability constantst 
K1 , K2 and K3 f'or the complexes MgH2 ATP, MgHAT and 
2-MgAT • All values of' K1 , K2 and K3 expressed as 
N-1. 
Kl K2 K3 Points used* 
Zero 400 73,500 25, 15 
570 74,200 30, 20 
480 78,200 36 , 26 
420 75,800 41, 31 
20 400 74 , 200 25, 15 
50 100 71,900 36, 26 
-
Ti ration curve constructed from .50 pH readings, each 
representing the addition of' 0.01 ml. alkal.io 
TABLE 6 
Stabili ty cons tan ts of other metal-nucleotide complexes 
Complex Method Conditions 
K 
(M-1) 
CaATF2- pH ti trBtion 0 .1 M ( ~2 HS ) 4 NBr 1 30° 45 , 000 
- Spectral 0.1 MN-ethyl- 2,200 CaADP changes 
of 8-hydroxy- morpholine (pH 8 . 0) , 
qui no line 30° 
- Spectral 25,000 MnADP changes 0 . 1 M N- etbyl-
of' catechol-3 , 5- morpholine {pH s .o) , 
disulphonic acid 30° 
MnADP - Electron 0 . 1 MN- ethyl- J0 , 000 para-
magnetic resonance morpholine (pH s . o) , 
270 
reduced on the addition of ADP. As ~fn.ADP would have 
been expected to be formed under the experimental 
conditions, this reduction in signal was taken as a 
measure of the concentration of this complex and was 
46. 
thus used to obtain an estimate of the stability constant. 
However, there is considerable uncertainty about this 
figure as it appears that more than one complex is 
formed (Winfield, personal communication). 
DISCUSSION 
The primary object of this work was to obtain 
reliable values for the stability constants of metal-
nucleotide complexes, which could be used in conjunction 
.;ith enzyme kinetic experiments. It would appear that 
the procedure of Burton (1959) is suitable for this 
* 2-purpose since the values of K for MgATP in both 
triethanolamine and N- ethylmorpholine are in satisfactory 
agreement with those obtained from titration data. The 
analysis of the latter presents difficulties, because of 
the complexity of the equations used, but this has been 
overcome by the use of a 1620 IBM Computer. 
As the differences obtained for K in triethanolamine 
and N- ethylmorpholine are insignificant, being within 
the experimental error, it may be concluded that neither 
buffer interacts appreciably with Mg
2
+. On the other 
hand, it is clear that TRIS does interact with Mg 2 + 
(Table 2), though it has been claimed that the binding 
of' Mg2 and ca2 + to this buffer may be neglected 
(Nanninga, 1957). 
Though larger than any values previously reported, 
the results are of' the same magnitude as Burton's (1959). 
2 -If' his value for MgATP is extrapolated to the exper-
imental conditions reported above (using Burton's 
temperature coef'f'icient and ignoring the slight dif'~erence 
in ionic strength) a value of' approximately 45,000 M-l 
is obtained, which may be compared to 70,000 M-l obtained 
in this study. 
compared with the 
-1 This value of 70,000 M may also be 
value of' 90, 000 M-l predicted by Noda, 
Nihei and M0 rales (1960) to f'it kinetic results obtained 
with creatine kinase in 0.05 M glycine-NaOH at 30°,pH 9.0. 
Watanabe (1962) has reported a value f'or MgATP2 - of' the 
same magnitude as those reported here but did not give 
any f' igure s. Two other determinations of' the stability 
constant of' MgATF2 - have been reported recently by 
Nanninga (1961) and by Taqui Illian and Martell (1962) as 
-1 6 - 1 24 .500 M and 1,500 M respectively. Nanninga 
obtained consistent results f'rom two methods. One 
1 d h h ·f't · R h Mg
2 + 'Mas added :invo ve measuring t e s 1 · in p w. en " 
to ATP at pH 6. 92. The concentration of' the species 
MgHATP - was neglected, though this cannot be considered 
48. 
valid at pH values belo 7• The other was a resin 
method carried out in the presence of 0.02 M TRIS buffer. 
This concentration of' TRIS may not have had a great 
effect on the value obtained but criticism has been 
levelled at the use of resins to determine stability 
constants (see Bock, 1960). The values reported by 
Taqui Khan and Martell may also be criticised as these 
were obtained from measurements in 0.1 M Irno3 , and no 
attempt was made to correct the values for the formation 
of' a potassium-ATP3- complex (Melchior, 19.54; Bock, 1960). '·' 
The slight deviation of the [Mg2 ] . values towards 
"2"" 
the x - axis for AT concentrations above 3 m1',I (see 
Re ults) suggests that small amounts of Mg(AT ):- may 
form under these conditions. The precision with the 
ADP measurements was not great enough to detect any 
possible formation of Mg(ADP)~-. lso, no conclusions 
as to the formation of' Mg2ATP or Mg2ADP+ could be reached 
as experiments were not carried out at suf£iciently high 
concentrations of' Mg2 • Confirmation of the formation 
of such complexes, and evaluation of' their stability 
constants, would be theoretically possible from the 
titration data with [Mg]T = 20[ATP]T, but the calculations 
have not been attemptedo Some values for the stability 
constants of complexes other than 1:1 have been reported 
but they are not well substantiated (see Bock, 1960). 
Lowenstein (1960) bas invoked the presence of' complexes 
of' the type M2ATP to explain the non-enzymic hydrolysis 
of ATP. 
Titrations of' AD in the presence of various 
amounts o:f magnesium ion have been carried out but 
difficulty has been experienced in interpreting the 
curves obtained, as it has not been possible to obtain 
ADP in an llllequivocal salt f'orm, and no valid estimates 
of' the stability constant of MgADP- have been obtained 
by this technique. There:fore, only results from the 
spectrophotometric determination for the stability 
constant of' MgADP - have been reported. The K for 
MgADP- is affected by concentrations of' PC in the range 
from 5 to 10 mM. 
In agreement with Burton (1959), and to a lesser 
extent Martell and Schwarzenbach (1956) and Walaas (1958), 
the results indicate a difference of an order of' magnitude 
between the stability constants o:f MgAD - and MgATP2 -. 
The reason f'or this is not clear, particularly as the 
nuclear magnetic resonance results of Cohn and Hughes 
(1962) indicate that only the two terminal phosphate 
groups, in each case, are concerned with the binding of 
the metal ion. 
There is still some doubt about the exact structure 
of' the MgATr2 - complex. It was suggested by Szent-
tt 1 Gyorgy (1956) that the metal ion might combine not on Y 
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with the phosphate-oxyanion groups (see Cohn and Hughes 1 
1962) but also through the 6-amino group and the nitrogen 
atom at position 7 of the purine ring to form a quadri-
dentate chelate. But the formation of such a chelate, 
involving a fourteen-membered ring, must be considered 
to involve a very unfavourable entropy change (Martell 
I 
and Calvin, 1952). Rotatory dispersion measurements 
(Levendahl and James , 1956) and infrared studies (Epp, 
Ramasarma and Wetter, 1958) have been invoked as 
evidenc in favour of such a ttcurled 0 configuration for 
Mg TF2 -. 
Martell and Schwarzenbach (1956) and Smith and 
Alberty (1956) did not detect any lowering of the purine 
pK in the presence of Mg2 + and concluded from this that 
a 
Mg2 did not interact with the purine ring. ialaas 
(1958), who carried out comparative studies with different 
nucleotides also concluded that there was no interaction 
with the purine ring as the values of the stability 
constants were not affected by the nature of the 
heterocyclic base. 
Spectral shifts in the ultraviolet region were 
observed by Hotta , Brahms and Morales (1961) for ATP 
in the presence of alkali. These were similar to those 
obser ed by Bock, Ling, Morell and Lipton (1956) on the 
addition of alkali to ATP, and were attributed to the 
51. 
displacement of protons :from the adenine ring. This 
f'inding was considered by Hotta et al. (1961) to provide 
evidence in favour of MgATP2 - in solution existing at 
least partly in a 1curled' configuration. 
Such conclusions are not in agreement with the 
nuclear magnetic resonance studies o:f Hammes, Maciel 
and Waugh (1961), who found that the signals from the 
ring hydrogens were unaffected by the presence of 
alkaline earth metal ions. This has been confirmed 
by phosphorus and proton magnetic resonance studies 
carried out by Cohn and Hughes (1962). 
affected only the~- and Y-phosphate groups of ATP and 
did not interact with the adenine ring. By comparison, 
2 2 Zn , Cu and Mn2 formed a complex with the adenine 
ring, involving the nitrogen at position 7, though it 
was pointed out that this could be due to the formation 
of' an intermolecular complex rather than an intramolecular 
chelate . These workers considered that the complexing 
of Mg2 with the~ - and Y-phosphate groups could lo er 
the pK of the ring su£f'iciently to account for the 
a 
spectral shifts observed by Hotta et al. (1961). This 
is consistent with the present work as it was found that 
2 the presence of' Mg 
by as much as O.l of' 
lowered the pK of the purine moiety 
a 
a pH unit when [Mg]T = 20[ TP]T • 
'I I 
Brintzinger (1961) has suggested that divalent 
metal ions form an ion-pair association with ATP. 
52. 
This interpretation was based largely on the finding 
that the stability constants of ATP complexes with the 
t ·t· t l. . Mn2+ C 2 ~ N· 2 d Zn2 ransi ion me a ions, , o , 1 an , 
varied only slightly and did not follow the Irving-
Williams series. A similar phenomenon is observed for 
the stability constants of the complexes form d with 
2 -S04 by these metals and evidence has been presented 
that such complexes are probably ion-pairs (Smithson 
and Williams, 1958; Nancollas, 1960). 
Indirect evidence that the complexes between Mg2 + 
and ca.2 + and ATP are not ion pair associations is 
furnished by the work of.' Diebler, Eigen and Hammes (1960) 
who used relaxation spectrometry to measure the rate of.' 
2- 2-formation of MgATP and Ca.ATP • They found that, 
although there was little difference in the stability 
2-
constants of these two complexes, Ca.ATP was formed 
2-
nearly 100 times faster than MgATP • This was attrib-
uted to the fact that the rate controlling step in 
complex f.' rmation was the dissociation of a water molecule 
from the inner hydration shell of the metal ion, which 
2 
could be more easily accomplished with th larger Ca 
ion (Hammes and Kovachi, 1962; Eigen, 1960). 
• • I 
SU1.J·IARY 
2- -Stability constants of MgATP and Mg.ADP have 
been obtained by measuring the spectral shifts of the 
Mg-8-hydroxyquinoline complex in the presence and 
absence 0£ nucleotide. Reasonable confirmation of 
2 -the value for the MgATP complex has been obtained 
from pH-titration measurements. For this latter 
technique, a programme , suitable for analysis by a 
1620 IBM Computer, has been written. 
53. 
2-
Estimates of the stability constants of CaAT 
by pH-titration, CaADP- by spectrophotometry and 
-MnAD by spectrophotometry and electron paramagnetic 
resonance techniques , have also been obtained. 
CHAPTER III 
THE METAL AC'l'IVATION AND INHIBITION OF '11-IE REACTION 
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CHAPTER III 
THE ~IETAL ACTIVATION AND INHIBITION OF THE REACTION 
CATALYSED BY ATP:CREATINE PHOSPHOTRANSFERASE 
--~·------------------------------------------;;.......-
INTRODUCTION 
54. 
Many enzymes, which require the addition o:f meta1 
ions :for maximum activity, show some residua1 activity 
in the absence of' added metal ions . However, there has 
been little investigation of' the reasons for this activity 
though it appears likely that it is due to the presence of 
trace amounts of' activating metal ions in the reaction 
mixtures. Thus, the presence of' sufficient an1oun.ts of' 
activating metal ions to account :for the observed residual 
activity was demonstrated by Kachmar and Boyer (1953) for 
pyruvate kinase and by Malmstr m (1955a} :for phospho-
pyruvate hydratase . 
Alternatively, any residual activity due to the 
presence of' activating metals should be eliminated by the 
use of suitable chelating agents. Fortmann (1957) and 
Milstein (1961a) showed that the residual activity 
observed with preparations of' alkaline phosph tase and 
phosphoglucomutase respectively could be suppressed with 
EDT , indicating that the observed activity was probably 
due to traces o:f me ta1s. 
If kinetic experiments, using low concentrations of' 
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added meta1 ions, are to be carried out with an enzyme, 
then it is desirable that the activity in the absence o:f 
added metal ion should be negligible. This chapter 
describes an investigation into the residual activity o:f 
creatine kinase and the effect o:f chelating agents and a 
number o:f meta1 ions on the activity. 
MATERIALS AND METHODS 
N-Ethylmorpholine, purified as described in 
Chapter II, was adjusted to pH 8.0 with 5 N HCl. 
ADP and PC were prepared as described in Chapter IT. 
All metal salts, AnalaR , were made up in stock 
1 t . th hl .d (u 2 + C 2 + Mn2 + C 2 + S 2 + so u 1 on as e c ori e .1•,1g , a , , o , r , 
Cd2 +, Cu2 +), acetate (Ba2 +, Zn2 +) , sulphate (Be2 +, Ni2 +, 
3+ 2+) . ( 2+) Cr , VO or nitrate uo2 • 
Imidazole was purchased :from Eastman Organic 
Chemicals, histidine (HCl) :from the California Corporation 
:for Biochemica1 Research and cysteine (HCl) :from the Sigma 
Chemical Co. 
Crystalline creatine kinase was prepared :from :frozen 
rabbit muscle by the method o:f Kuby , Noda and Lardy (1954a). 
After recrystallisation, the crystals were collected by 
centrifugation at o0 dissolved in 10-3 M N-ethylmorpholine 
(pH 8.0) containing 10-3 M EDTA and diaJ.ysed against three 
changes (250 vol.) o:f the same solution over a period o:f 
three days. The EDTA was removed by dialysing against 
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three changes (250 vol.) of' N-ethylmorpholine (pH 8.0) for 
the same time. The stock enzyme solution, containing 
JO mg. of' protein per ml ., was stored at 0°, no loss of' 
activity being observed af'ter two years. The crystalline 
enzyme was also stable f'or the same time period, when 
stored as a suspension at -10° in 56% (v/v) ethanol . 
Protein was estimated colorimetrically by the biuret 
method of' Gorna11, Bardawill and David (1949), using 
crys ta11ine bovine albumin as the standard. 
Creatine was estimated by a slight modification of 
the method described by Rosenberg, Ennor and Morrison 
(1956) f'or the estimation of' arginine. To 1.0 ml . of 
reaction mixture was added 0.3 ml . of' 3 N NaOH ( containing 
0.04 M EDTA), 1.0 ml . of' a-naphthol-diacetyl reagent 
(12.5 g. o:f a -naphthol and 6 25 ml. of' diacetyl in 250 ml. 
n-propanol) and the volume was made to J . O ml. Scans were 
carried out, with standard solutions o:f creatine, on a 
Beckman DK2 ratio-recording spectrophotometer from 400 mµ 
to 600 mµ in 1 min . These showed that the coloured 
complex :formed had an absorption maximum at 535 mµ and 
that the extinction was maximal after a time interval of' 
10 min. at 27°. Under these conditions 0.04 µmole o:f 
creatine gave an extinction of' 0 . 280 ..rhen measured in a 
cell of' 1 cm. light path using a Shimadzu (QR-50) 
spectrophota etero 
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Unless other ~ise stated, the :following procedure 
was used to determine enzymic activity. To J ml. 
graduated tubes was added 0.2 ml. o:f N-ethylmorpholine 
bu:f:fer (0.5 M, pH 8.0), 0.1 ml. of' PC (0.1 M) and ADP 
and MgC12 in a tota1 volwne o:f l.O ml. A:fter the addition 
o:f the reagents, the tubes were stored in an ice-bath and, 
before the addition o:f enzyme (0.02 ml., equivalent to 
0.9 µg. of' protein), were equilibrated at 30° :for J min. 
At the end o:f the incubation period (1-2 min.), the 
reaction was stopped by the addition o:f o.J ml. o:f J N 
NaOH (containing 0 .04 M EDTA) and the creatine released 
:from PC estimated as described above . When the stock 
J 
enzyme solution was diluted 1 in 1000 with N-ethyl-
morpholine bu:f:fer (10-J M, pH 8.o), the enzyme was stable f or 
at least 2 hr. at 0°; greater dilutions resulted in a 
rapid loss of' enzyme activity. 
'The heavy metal content o:f PC was reduced by 
passing a solution (5 go in 100 ml.) through a column 
(195 x 10 cm.) o:f Dowex-50 (Na+), 200-400 mesh, a nd 
recrystallising the PC in the e:f:fluent solution :from Bo% 
( 
_ ? 
ethanol. ADP 10 - H) was treated similarly except that 
the ADP was not recrystallised. 
2+ 2+ 2+ . The analyses for Mg , Ca and Mn were carried 
out by Mr . J. David, Division o:f Plant Industry, C.S I. R.O., 
Canberra , using a Uvispek atomic absorption spectrometer. 
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RESULTS 
The activating metal content o:f the reaction components 
and the effect o:f resin treatment of the substrates on 
the residual activity o:f the enzYPle• 
In preliminary experiments, the creatine kinase 
preparation was :found to have a residual activity o:f 17% 
( -4 ) ( - 2 ) with ADP 208 x 10 M and PC 10 M as compared with 
the activity found in the presence o:f added Mg2 + 
( 2 x 10-4 M). As this could be due to contamination o:f 
one of the reaction components with one of the 
t . t· . M 2 + C 2 + Mn2 +. t h" ac iva 1ng ions, g I a or , spec rograp ic 
analyses were carried out. The results (Table 7) indicate 
that only ADP and PC made significant contributions to 
the concentrations o:f activating metal ions. Values for 
Only l.fg2 + and ca2 + t d u 2 + t d t t d 
.1· are repor e , as .1·1n was no e ec e 
in any o:f the constituents. Table 7 also shows the 
e:f:fect of treating solutions of ADP and PC with Dowex-50 
(Na+). The concentrations of Mg2 + and Ca2 + were 
considerably reduced, with the result that the residual 
activity was halved. Thus, under the experimental 
conditions, the activity in the absence o:f Mg2 + was not 
greater than 4% o:f the maximum attainable in the presence 
o:f saturating amounts o:f both Mg2 + and ADPJ- o Divalent 
metal ions would have been much more effectively removed 
by treatment with a chelating resin, but such a resin was 
' I 
TABLE 1 
The Mg2 + and ca2 + contents of reaction mixtures 
containing ADP and PC based on 
spectrographic analysis 
The values quoted are the final concentrations of Mg2 + 
and ca2 + in the reaction mixture due to the addition 
of ADP (2.8 x 10-4 M) , PC (10-2 Mh N-ethylmorpholine 
( 0.1 M) and creatine kinase ( 0.9 µg.) in a to ta1 volume 
of l ml. The residual activity is expressed as a 
percentage of that obtained with added Mg2+ (2 x 10-4 M). 
Compound 
added 
ADP 
PC 
Before Dowex-50 treatment 
Mg2 + (M x 106 ) 
0.5 
2.8 
N-ethylmorpholine 0.1 
Crea tine 
ADP 
PC 
kinase 0.0003 
Total metal ion - 2.4 x 10-5 M 
Residual activity - 17% 
After Dowex-50 treatment 
0 . 2 
o.8 
Total metal ion 
Residual activity 
- 4 X 10-6 M 
- 8% 
2 
18 
o.4 
0.0007 
(N~B 0.9 µg. creatine kinase/ml. represents an 
approximately 10-~1 solution. Tbi·s contains approximately 
10-9 M of Ca2 + + Mg2 +) 
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not avai1able at the time these experiments were carried 
out . 
It is interesting to note that the creatine kinase 
preparation sti11 contained about O.l µmo1e of divalent 
metal ion (Mg2 + + Ca2 +) per µmole of protein, even after 
dialysis against 10- 3 M EDTA for three days. 
Effect of' ~helating ~gents on the .!!£tivity of creatine 
kinase . 
EDTA , at a concentration of' 5 x 10-5 M or above, 
was found to cause complete inhibition o:f the residual. 
activity when tested with substrate solutions which had 
y 
not been beated with Dowex-50 (Na+). This concentration 
/ 
of' EDTA was slightly higher than the total concentration 
of' activating metal ion added as contaminants by ADP and 
PC (Table 7) . 
Lower concentrations of EDTA caused almost a 
two- fold increase in the residual enzyn1ic activity (Fig. 7). 
This activating effect of low concentrations of' EDTA was 
al b d . th f' dd d ~-Ig2 +, t. so o serve in e presence o a e  sugges ing 
that the enzymic activity was limited by virtue o:f the 
presence of' heavy metal ions in the reaction mixtures. 
Cysteine and imidazole, in the concentration rroige 
from 4 x 10- 5 M to 10-3 1\1 , were found to have no effect 
on the activity o:f creatine kinase, either in the presence 
or absence of' Mg2 +. Histidine showed an activating effect, 
1.00 ;/\ 
0.80 
l * 
0.60 
* 
~* 
V ... 
0.40 
0.20 A ... 
*'* ~· I 6 5 A 3 2 
- log [ EDTA J 
Fig. 7. The effect of EDTA on the reaction catalysed 
by crea.tine kinase. The reaction mixture contained 
- ethylmorpholine (pH 8 . o), 0.1 M; ADP, 2.8 x 10-4 M; 
PC , 10- 2 Mand creatine kinase (0 . 9 µg.). Total volume 
1 . 0 ml ., temp., 30° . The velocity is expressed as 
optical density measured at 535 mµ. * - 1 * , MgC12 • 
5 X 10- 4 M; 
I 0 - 0 , no added metal ion. The 
position of the arrows indicates the observed velocity 
in the absence of EDTA . 
'I 
h ~ I 
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the activztion increasing with increasing histidine 
concentration. No inhibition was observed up to a 
concentration of' 5 x 10-J M. Thus it appears that 
histidine activates by removing heavy metal ions but 
does not reduce the concentration of' Mg2 + or Ca2 + by 
complex formation. 8- llydroxyquinoline also activated 
in the concentration range f'rom 0 . 75 x lo-4 M to 0.3 x 
10-.J M. It would be expected to inhibit at higher 
concentrations, but this could not be tested because 
of' its limited solubility. 
Effect of' other meta1 ions on the activi~ of' creatin~ 
kinase. 
Besides Mg2 + , ca2 + and Mn2 +, which were known to 
activate creatine kinase (Kuby ~ 21•, 1954b) , the 
2+ 
enzyme was also found to be activated by Co • Slight 
inhibitory ef'f'e cts were observed with the other a1ka.line 
earth ions, s 2+ r , Ba2 + and B 2+ e , while stroii..ger inhibition 
was observed with Ni2 + and C 3+ r • These e:f:fects were 
reversible. Complete and irreversible inhibition was 
obtained with Cd2 +, vo2 +, zn2 + , Cu2 + and uo;+ . 
A time-dependent denaturation of' the diluted enzyme. 
As was noted in the itaterials section of' Chapter II , 
all PC preparations contained a small amount of' free 
creatine and a blank determination, as carried out with 
each set of enzyme assayso This blank value could also 
l1 I I 
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' be obtained by determining the activity at different 
time intervals and extrapolating back to zero time. 
With experiments using high concentrations of magnesium 
(see Chapter V) it was found that the value of' the 
extrapolated blank was much higher than the measured 
value. This is illustrated by the starred points in 
Figo 8. The extrapolated blank corresponded to an 
optical density of' 0 .100 at 535 mµ, while the measured 
blank was only 0.040. When the activity was determined 
at shorter time intervals (open circles in Fig. 8) a 
value of' the extrapolated blank identical to the 
directly determined value was obtained. The biphasic 
nature of the reaction is consistent with a time-
dependent denaturation of the enzyme, which could be 
due to the presence of' heavy meta1 ions, introduced as 
trace contaminants of the reaction components. 
When the same experiment was carried out in the 
presence of' 10-5 M EDTA , which concentration would be too 
low to have any appreciable effect on the magnesium 
concentration, a linear reaction was observed up to 1! min. 
(full circles i 1 Fig . 8) . This result suggests the 
removal of' trece amounts of' heavy met&1 ions. The use of' 
EDTA at thi concentration was adopted for all 
experiments .ihere its effect on the :free Mg2 + 
concentration could be considered to be negligible. It 
V 
1 
/ 
• 
1 ~ 
t. 
TI me (m in.] 
2 
Fig . 8 . The apparent biphasic nature 0£ the reection 
catalysed by creatine kinase. The reaction mixture 
contained N-e thylmorpholine ( pH 8. 0) , O .1 M; PC, 10-2 M; 
- 4 -4 ADP , 2 . 4 x 10 M; MgC12 , J . l x 10 M; and creatine 
l .. inase ( 0 . 9 µg . } Total volwne , 1 . 0 ml. , temp . , J0°. 
Velocity is expressed as extinction measured at 535 mµ. 
8 - 8 , and 
EDTA , 10- 5 H. 
*·- * , no added EDTA; e - e , 
.. 
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was also found that tbe diluted enzyme was more stable 
in the presence of low concentrations of EDTA and for 
the results described in Chapters V and VI, the stock 
solution of creatine kinase was diluted, 1 in 1000 in 
buf'f'er containing 10-5 M EDTA. 
DISCUSSION 
The residual activity of the creatine kinase 
preparation in the absence of added metal ion could be 
attributed to the presence of small amounts of' Mg2 
and ca2 + which are added principally with .ADP and PC. 
The activating effect of low concentrations of' EDTA 
in particular, and of histidine and 8-hydroxyquinoline, 
is consistent with the removal. of' heavy metal ions. No 
attempt was made to demonstrate the presence of' heavy 
metals , though it was shown that creatine kinase is 
susceptible to a large number of these. This 
susceptibility is in accord ith the demonstrations by 
osenberg and Ennor (1955) and by Ma.ho .rald, Noltrnann 
and Kuby (1962) , that free - SH groups on the enzyme 
were es sen ti a1 f'or catalytic activity. A time-dependent 
denaturation of' the enzyme was also attributed to the 
presence of' trace amounts of heavy metals, as the ef'f'ect 
vas eliminated by 10-5 M EDTA. 
Since higher concentrations of EDTA inhibited the 
reaction , almost certainly due to the removal of' the 
' I 
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activating metal ion, it would be expected that 8-hydroxy-
quinoline would have a similar effect. However, this 
compound is not very soluble and its effect at high 
concentrations could not be tested. Histidine was found 
to have an activating effect, the activity increasing 
aimost as a linear function of the logarithm o:f its 
concentration, but it apparently did not combine 
sufficiently strongly with the activating metals to 
cause any effective inhibition 
These results are essentially similar to those 
observed by Milstein (1961b) for the activation of 
phosphoglucomutase by chelating agents. This effect 
was shown to be due to the removal of' heavy metal 
contaminants. Milstein also :found that cysteine 
activated phosphoglucomutase. However, no eff'ect on 
creatine kinase was detected at the concentrations of 
cysteine used in this work. 
These :findings on the activation and inhibition 
of creatine kinase confirm its absolute requirement for 
a divalent metal ion. Thus, the enzyme confonns to the 
essential properties elaborated by 1vlalmstr8m and 
Ii'osenberg (1959) for classification as a metal-enzyme. 
SlJ1-1MARY 
The observed residual activity of the creatine 
ki ase preparation could be sa.tisfactori.ly explained by 
• I• 
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the presence of su:f:ficient amounts o:f activating divalent 
metal ions ir the components o:f the reaction mixtures. 
Low concentrations of EDTA were :found to have both an 
enhancing effect on the enzymic activity and a stabilising 
e:f:fect on the enzyme, which e:f:fects are probably due to 
the removal of he avy me t al ions. 
CHAPTER IV 
KI!\TETIC STUDIES OF THE RBVEI SE REACT.ION 
-
6.5. 
CHAPTER IV 
YINETIC STJDIES OF THE REVERSE REACTION 
INTRODUCTION 
The first detailed study of the reaction catalysed 
by creatine kinase, which used a crystal.line preparation 
of the enzyme , was carried out by Kuby, Noda and Lardy 
(19.54b) . They found that for the forward direction, 
maximal velocity was obtained with a 1:1 ratio of Mg:ATP; 
whereas for the reverse direction a somewhat higher 
ratio of metal to ADP was required. These data were 
taken to indicate that the metal complexes of TP and 
ADP were the active substrates of the enzyme. Such 
conclusions were consistent with the fact that the 
2 - -
spe cies MgATP and MgADP were known to be present in 
solution though the estimates of the values available 
at the time for the stability constants of these 
complexes were much too low to be in strict accordance 
with the experimental findings, i.e. the va1ue of' 
830 M- l available :for MgATP2-, which was that reported 
by Burton and Krebs (1953), would not have given 
sufficient MgATP2- present in solution to account for 
the fact that maximum velocity was observed at an 
Mg: TP ratio of 1:1 (cf. this thesis; Chapter I). The 
discrepancy would have been even greater with MgADP-
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particularly as the reaction was carried out at pH 7.0, 
this being only slightly above the pK :for the terminal 
a 
phosphate group o:f ADP , and it could have been estimated 
:from Burton and Kreb' s (1953) value of' 360 M-l that 
appreciable concentrations o:f the four species, ADP3; 
- 2-MgADP, HADP and MgHADP would have been present. 
Experiments carried out by Kuby et al. (1954b) also 
showed that ADP inhibited the :forward reaction, 
competitively with respect to ATP and non-competitively 
with respect to creatine. These :findi gs were interpreted 
in terms o:f two active sites in ju..'"{taposi ti on on the 
enzyme molecule , one :for the magnesium-nucleotide 
co plexes and the other :for creatine or PC. It was 
noted that excess o:f Mg2 + over nucleotide inhibited the 
reaction in both directions , but the possibility of' an 
Mg-enzyme complex being an intermedi£te in the enzymic 
reaction was not considered . 
Further kinetic studies have been carried out in 
the :forward direction by Noda , Nihei and r!orales (1960) 
and in the reverse direction by Nihei, Noda and Morales 
(1961) . In these studies it was asswned that the metal-
nucleotide complex was the "true" substrate of' the 
reaction in each case. -1 By assigning values of 90,000 M 
and 2 , 000 -1 to the values :for the stability constants 
' I 
2- -of MgATP and MgADP respectively, these workers 
concluded that this simple assumption was valid, with 
the quaJ.ification that, for the reverse reaction, it was 
necessary to consider the interaction of ADP3- with the 
enzyme , presumably as a competitor for the same site as 
MgADP-. 
In none of these previous studies was the kinetic 
analysis extended to consider the possible interaction of 
other species (viz. , Mg2 +, ADP3-, ATP4-) with the enzyme 
as beiug steps along the reaction pathway. This chapter 
describes initial kinetic experiments carried out in 
the reverse reaction catalysed by creatine kinase, using 
a more general approach, by which the independent 
interaction of the three species, Mg2 +, ADP3- and HgADP-
wi th the enzyme , wa.s considered. It is shown that the 
results obtained were consistent with a11 of the three 
species being operative in the :formation of' an EMS 
complex . 
THEORY 
The conversion of PC and ADP to creatine and ATP 
respectively, which takes place in the presence o:f 
2+ 
.ATP. creatine phosphotrans ferase and 1\lfg , vas assumed 
to occ r via the formation of an active enzyme-Mg-.ADP-PC 
complex . Furthermore, it was considered that this 
• I I 
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complex is :formed by three sets of bimolecular reactions 
which take place in a number o:f parallel sequences. In 
the :first instance , the concentration of PC was held 
constant and Mg2 + activation was studied in relation to 
ADPJ-. Thus it was supposed that the velocity o:f the 
reaction was a function o:f the concentration o:f the 
enzyme - Mg-.ADP complex and that the concentration o:f PC 
a1tered the velocity only by a const?.nt :factor. 
In considering the interaction o:f the enzyme with 
:free metal ion, free substrate and the metal substrate 
complex according to the :following binary reactions 
K 
E + s l, ES 
' 
+- Pathway I 
i M + s 
H K5 H 
H 
MS 
~ 
~ K6 
ro E ~ 
l 
K2 ). K EMS_... 4 
' 
) V ( 
Products 
K 
EM"' 3 7 E+M 
Pathway II~ 
and in deriving the velocity equation, a ntunber of 
assumptions , in addition to those st2.ted above, have 
been made . It has been assumed that: (1) all reactions 
leading to the formation of' ENS are in rcpid equilibrium 
so that Iichaelis - Menten , rather than Briggs-H-ldane, 
I I 
kinetics may be applied; (2) the same complex is :fanned 
irrespective o:f the pathway o:f :formation {the exact 
nature o:f the complex need not be specified); (J) there 
is no competitive inhibition between the various species 
for sites on the enzyme surface; (4) the amounts of EM, 
ES and EMS formed are not sufficient to af:fect 
appreciably the concentrations of N, S or .MS . 
Under equilibrium conditions, the concentration of 
EHS wi11 be independent of the pathway by which it is 
farmed so that 
K1K2 - KJK4 K5K6 (1) - -
The velocity equation for the general case may be written 
V 
-
ke 
KlK2 + K2 + K4 + 1 (2) 
- -erµ µ (j" 
where k 
-
the velocity constant for the bre akdo,m of EMS , 
e - the tota1 enzyme concentration, 
~ - :free substrate concentration (ADP)-), 
µ 
- free metal cone ntretion (Mg2+) 
and K1 , K2 and K4 are the dissociation constants as 
indicated above in the general reaction scheme . Equation 
(2) can o:f course, be written in terms of other sets 
of constants in accordance with equation (1). 
Equation (2) may be arranged in reciprocal :form 
to g:i. ve 
•• i 
70. 
1 1 1 {Kt2 K4} 1 {~ 1) (3) - - - • + + + ke ke V a-
that a plot 1 . t 1 should be linear, N"here so of' - agains :; µ V 
is held constant at µ', with intercepts at 1 and --vµ, 
1 
, where these are defined as 
vµ - ke 
K2 + 1 (4) 
-µt 
and Kµ, - KlK2 K4 ·- + 
l! (5) 
K2 + 1 
-µt 
In this way va1ues for Kµ, and vµ, for various values 
of µr ca be obtained. (Similarly plotting 1/v against 
1/µ 
V 
at fixed <r' values would give a series of K, and 
<!" 
values). 
Rearranging equation (4) gives 
1 1 K2 1 ( 6) • + -ke ke - - -vµ, µ • 
1 
against 1 gives a str2ight line - -vµ, µ• so that plotting 
1 
with intercept - - on the abscissa . 
K2 
Rearranging equation (5) gives 
f K2 1 KJ.K2 K4 (7) Kµ, µ , + - + µ• 
so that p1ottine Kµ, t K2 1 } against 1 gives 
- + -µ• µ 
' I I 
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intercepts K4 and - K4 on the ordinate and abscissa 
KlK2 
respectively . 
Then by using equation (1) values may be assigned 
to K1 and K3 and as K5 is determined independently, to K6 . 
The concentration of total Mg and totai ADP 
required to maintainµ at a fixed vaiue while~ is 
varied was calculated from S = K2M µ 
where S = total. ADP and M = total Mg. 
This was derived from the equation 
<r. µ 
z 
as er= S - z and µ = M - z where z = MgADP: 
+ M µ 
The same velocity equation applies when the 
reaction of PC and Mg2 + with the enzyme is considered, 
except that K1 and K4 now represent the dissociation 
constants for the interaction of PC with the enzyme and 
enzyme-metal complex respectively. The values for the 
four possible dissociation constants can be obtained in 
an analogous fashion to th2t described above. 
MATERIALS AND METHODS 
(8) 
Materials were as described previously in Chapters 
II and III , PC and ADP having been subjected to the 
resin treatment described in Chapter III. 
Creatine was estimated as described in Chapter TII. 
I I I 
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The same procedure was adopted f'or the meas1..1.rement of 
enzymic activity , the creatine release being estimated 
at two time intervals to ensure that initial velocities 
were being measured. 
RESULTS 
The pH optima of the forward and reverse reaction 
catalysed by creatine kinase have been reported to be at 
about pH 9.0 and pH 7.0 respectively (Kuby et al., 
--
1954b). Most of' the studies reported in this chapter 
were carried out at pH 8.0 so that values obtained for 
the dissociation constants of' the intermediate complexes 
could be correlated with the values reported in Chapter 
VII for the forward reaction. At pH 8.o, two values 
- -1 were used for the stability constant of' MgADP; 1 1 000 M 
as determined by Smith and Alberty (1956) and 4,150 M-l 
as reported in Chapter II. Thus, any errors introduced 
by uncertainty as to the magnitude of this value should 
have been lessened~ Some studies were also carried out 
-1 
at pH 7.0 using the va1ue of 2,000 M at this pH as 
reported in Chapter II. N-Ethylmorpholine-HCl was used 
to maintain the pH and ionic strength of the reaction 
solutions. As was demonstrated in Chapter II , the 
interaction of this buffer with Mg2 + is negligible . 
Activation of creatine kinase in relation to ADPJ-
at pH B.o. 
The results, using K5 - J. mM (stability constant _ 
. ·. / 
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1 , 000 M- 1 ) (Fig. 9) showed that reasonably good straight 
lines are obtained when 1/v is plotted against 1/ ADP3-
( 1/<r) at vario-L·s fixed values of' :free Mg2 + (~i') according 
to ec.1ua.ti on ( 3). The values :for Kµ, and V µ, , as 
calculated by a statistical weighted mean squares 
method (vilkinson, 1961), are listed in Table 8. These 
values were used in drawing the lines in Fig. 9. The 
:fact that the lines extrapolP-ted back to give an average 
value for Kµ, o:f 1.0 X -4 10 M indicated that the 
concentration o:f Mg2+ had little or no effect on the 
binding of ADP3-. The plots shown in Figs. 10 and 11, 
corresponding to equations (6) and (7) respectively, 
show that straight lines are obtained when 1/µ 1 is 
plotted against 1/Vµ, (Fig. 10) and Kµt (K2 
µt 
li'or the latter plot an average value of Kµ, 
+ 
1) (Fig.11). 
was used. 
Fig o 10 yielded a value for K2 while Fig. 11 gave 
va1 ue s :for K4 and K 4 • 
KlK2 
Prom the relationship shown in equation (1), the 
remaining values for K1 , KJ and K6 were calculatedo 
A summary of these values is given in Table 9 . 
Similar studies were carried out using K5 = 0 2Li mM 
( -1 ) stability constant - 4,150 M • The results ~rom tivo 
sets o:f experiments are sho vn in Table 10 and the plots 
:for the :first set in Fig. 12. It is seen that there is 
• I I 
• 
-3 t 
1 
-
K p' 
1 
V 
-2 - 1 
100 
80 
60 
1 2 3 4 5 
-4 
- 1 4 X 1 0 M 
ADP 3 • 
Fig. 9. Effect of the concentratio of ADP.3- on the 
initial. velocity of the reaction at various fixed 
concentr tions of Mg2 + . Tl~ concentrations of ADPJ-
and 1g2 + were adjusted by varying the total concentrations 
-1 of ADP and Mg , with a val. ue of l , 000 M for the 
stability constant of MgADP- . The reaction mixtures 
contained N- ethylmorpholine (pH 8 . o), O. lM; PC (10-2 M) 
and creatine kinase , 0 9 µg., as ell as the indicated 
amounts of Mg2 + and .ADP.3-. Total volume, 1. 0 ml., 
temp . J0° . Velocity is expressed as µmoles 
µg . of creatine kinase/min. 111 - 111_ Mg2 +, 
of creatine/ 
-'~ 4 x 10 M; 
0 -- Q Mg2 + , 2x10-4 M; • - • Mg2 +,l.J3x 
I+ \+ 2+ -IJ a a 2+ 
-- Mg , 1 x 10 M; 1w, - w llg , 
0 . 66 X 10- 4 • 
' ' 
TAB :..E 8 
Summary of the values obtair~d for Kµ, and Vµ, at 
various fixed concentrations of Mg2 + (µ•), at pH 8.0 
with KS= 1 mM. 
. 4 
All K values are expressed in terms of M x 10, 
while those for Vµ, are given in arbitrary units . 
M 2+ g 
Concentration 
(µ t) 
4 . o 
2.0 
1 . 0 
o.66 
1 . 1 0.72 
1.0 0.50 
1 . 0 o.45 
0 . 9 o.J4 
1.0 0 .29 
Average - 1 0 
~ 
80 
- 2 - 1 2 3 A 5 6 
t •A A >c 10 
Mg 2+ 
Fig 10 . Plot of the reciprocals of the maximum 
velo cities obtained in the presence of fixed amounts 
of Mg2 + and saturating amounts of ADPJ- against the 
reciprocals of' the concentrations of Mg2 + (equation 6). 
Maxinn.un velocity values were obtained from the plot 
shown in Fig. 9 and are expressed as µmoles of 
creatine/µg . of creatine kinase/mino 
Fig . ll. Plot of the 
f} + 1 against the 
of' {g2+ ( equ a ti on 7 ) • 
1 2 3 4 5 6 
-4 M -1 4 .10 
Mg 2 + 
calculated values 
reciprocals of' the 
for Kµ , 
concentrations 
TABLE 9 
Summary of the dissociation constants for the various 
reactions leading to the formation of the active 
enzyme-meta1-substrate complex. The values for the 
constants at pH 7.0 have been corrected to allow for 
2-the nucleotide present as HADP • 
All values are expressed in terms of M x 104 • 
Dissociation 
constants 
Kl 
K2 
K3 
K4 
K6 
pH 8 .0 
KS = 10 
1.0 
2.1 
2.1 
1.0 
0.2 
pH 7.0 
K5 = 5 
0.7 
3 2 
3.2 
0.7 
o.4 
TABLE 10 
Summary of the values obtained for Kµ 1 and v1J. 1 at 
various fixed concentrations of Mg2 + (µ•), at pH 8 . 0 
with KS - o.24 mM. 
All K values are expressed in terms of' 1'-I x 104 , 
while those for Vµ, are given in arbitrary units . 
Mg2+ Kµ, vµ, 
4.o 1 . 1 (o.8)* 0 . 81 
2.0 1 . J (1.6) 0.58 
1.33 1.5 (1.2) 0.54 
1.0 1.7 (1.8) o. 4o 
o. 66 1.9 (1.4) 0.33 
Average= 1.5 (1 . 4) 
*Figures in parenthesis represent the vaJ.ues obtained 
for Kµ, from a second set of' experiments 
100 
80 
I 
-
V 60 
-4 -3 -2 -1 2 3 
• 
4 
4x10 -.4 M 
ADP 3-
5 
•' 
*/ 
~ 
6 7 8 
Fig q 12. Effect of the concentration of ADP3- on the 
initial velocity of the reaction at various fixed 
concentrations of Mg2 +. The concentrations of ADP3-
an'.d Mg2 + were adjusted by varying the tota1 concentrations 
of' ADP and Mg , ·with a value of 4 , 150 M- l for the 
stability constant of MgADP-. The reaction mixtures 
contained N-ethylmorpholine (pH 8 . o) , Ool M; PC (10- 2 M) 
and creatine kinase , 0 . 9 µg ., as ell as the indicated 
amounts of Mg2 + and ADP3-. Total volume, 1 . 0 ml ., 
temp. J0° . Velocity is expressed as µmoles of creatine/ 
µg of creatine kinase/min. fa - [II Mg2 + , 4 x 10- 4 11 ; 
0 - 0 Mg2 + , 2 x lO- l-4- M; 1£ - .A. Mg2 +, l . JJ x 
10-
4 
M; * - * Mg2 +, loO x 10-4 M; fe - e Mg2 +, 
0 . 66 x 10-4 M 
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some variance in the Kµ, values, so that Kµ, increases 
with increasing concentration ofµ,. This variation 
considerably influenced the magnitude of the dissociation 
constants, in particular K3 and x4 , the constants :for the 
interaction of' the free metal ion with the enzyme and :for 
the interaction o:f EM ·with the substrate, respectively 
( Table 11). The value o:f K6 the constant :for the 
interaction of MgADP- with the enzyme, was also 
i creased. 
Activation of creatine kinase in relation to ADP3-
at pH 7.0. 
In order to determine the e:ff'ect o:f pH on the 
values :for the dissociation cons tan ts o:f enzyme-,netal 
and enzyme-substrate complexes , exp riments similar to 
those mentioned above were carried out at pH 7.0. At 
this pH it was possible to make a direct comparison 
with those reported by Kuby ~ ~. (1954b). Plots of 
1/v against 1 /ADPJ- at various :fixed values o:f Mg2 +, 
are shown in Fig. 13 and the c2iculated values for Kµ, 
and Vµ, in Table 12. No significant variation in the 
Kµ val.ues was observed and an average value was taken 
:for the estimation of the dissociation constants. These 
are included in Table 9 . They are again. consistent with 
independent binding of Mg2 + and ADP3- to the enzyme. 
Activation o:f creatine kinase by Mg2 + in relation to PC. 
As the above results had indicated that Mg2 + did 
TABLE 11 
Summary of the dissociation constants :for the various 
reactions leading to the :form tion of the active 
enzyme-metal-substrate complex :from the data in Table 10. 
The results shown in column (a) are calculated :from the 
average of the Kµ, values :from the :first experiment, 
those in column (b) using the individual values of' Kµ, 
:from this experiment and those in column ( c) using the 
average o:f the individual val.ues of Kµ, :from the two 
experiments. 
All values are expressed in terms o:f M x 104 • 
Dissociation pH 8.0 
constants 
K5 2.4 -
(a) (b) ( C) 
Kl 1.5 2.1 2.3 
K2 1.7 1,.7 1, L,. 
K3 1.8 4o9 7.5 
C4 1 . 4 0. 7 o.4 
K6 1.0 1.5 loJ 
,, 
I I I 
60 
-4 -3 -2 -1 1 2 3 4 5 6 
AxlO -4 M 
ADP 3-
F'ig. l.J • E:f:fect o:f the concentration o:f ADPJ- on the 
initial velocity o:f the reaction at v arious fixed 
concentrations o:f Mg2 + . The concentrations o:f ADP3-
and Mg2 + were adjusted by varying the total 
concentrations o:f ADP and Mg , with a value of 2,000 :M-l 
for the stability constant of MgADP-. The reaction 
mixtures contained N-ethylmorpholine (pH 7.0), 0.1 M; 
( - 2 ) PC 10 M and creatine kinase , Oo9 µg ., as well as 
the indicated amounts of' Mg2 + and ADP3-. Total volume, 
1 . 0 ml ., temp. 30°. Velocity is expressed as µmoles of 
creatine/µg . of' ere a tine kinase/min. a - a Mg2 +, 
4 - 4 C\ C\ 2+ -4 .._ .._ I 2+ X 10 M; ~ - ~ lg , 2 x l.O M; .a. - .a. g , 
-4 * * 2 + -4 a ,-1. 33 x 10 N; - Mg ,lxlO N ; w - w 
2+ 66 -4 Mg t O. x 10 M. 
,, 
• I I 
• 1 
~ 
TABLE 12 
Summary of the values obtained for Kµ 1 and V µ, at 
. f. d t t· of ~·1g2 + (µ~) t H 7 0 various 1xe cone en I a ions 1~ • , a p • 
with K5 - 0.5 rru~. 
All K values a.re expressed in terms o:f M x 104 , 
while those I'or Vµ are given in rbitrary units. 
Mg2 + concentration 
(µ•) 
4.o 
2.0 
1.33 
1.0 
o.66 
1.0 
1.2 
1.0 
1.2 
Average 1 , 0 
o.84 
0.52 
o.4o 
0 . 33 
0.29 
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not have an appreciable effect on the binding of ADPJ-
to the enzyme (K1 ~ K4 ), it was conceivable that the 
function of Mg2 + might be to link PC to the enzyme. 
Thus the metal ion activation was studied in relation 
to PC at pH 7.0. For this purpose, the concentration 
of' ADP3- was held constant at 1 x 10-3 M while the 
concentration of PC was varied with Mg2 + f'ixed at 
various concentrations. The e:f:fect of the interaction 
of' Mg2+ and PC in reducing the concentration of free 
"'Ig2 + d d t th t. th . t ~ was regar e , a e ime e experimen was 
carried out , as being small enough to be neglected 
(see Chapter II) and no consideration was given to the 
possibility that MgPC could function as a substrate. 
The latter assumption seemed reasonable in view o:f the 
results reported by Kuby tl & • (1954b). Fig. 14 shows 
that the interaction of PC with the enzyme is not 
influenced by the Mg2 + concentration. The K va1 ue for 
m 
PC was calculated to be 8 x 10- 3 M which may be compared 
_,, 
with a value of 1 . 6 x 10 - Mat pH 8.0. A plot of the 
reciprocals of the maximum velocities at each value of 
Mg
2
+ against l/Mg2 + yielded a straight line from which 
the dissociation constant of the enzyme-Mg complex 
{viz ., 2 . 5 x 10-4 M) was found to be similar to the 
value of' J . 2 x lo- 4 M which was obtained at pH 7. 0 with 
3-free ADP as the variable substrate. 
-2 
I 
V 
100 
_, 
2 3 
162 M-1 
PC 
5 
Fig . 14 0 Effect of the concentration of PC on the 
i nitial velocity of the reaction at various fixed 
concentrations of Mg2 +. The concentration of ADP.3-
was held constant at 10- 3 M by varying the total 
concentrations of ADP and Mg . For this purpose a value 
o f' 2 , ooo M- l was used for the stability constant of 
MgADP-. The reaction mixtures contained N-ethylmorpholine 
(pH 7 . o) , 0 . 1 M; ADP3- , 10- 3 M; ere a tine kinase, 0.9 µg., 
2+ Bnd various amounts of PC and Mg • Tota1 volume, 
t mp . 30° . 
- 4 2 X 10 M; 
0 . 66 X 10- 4 
'+ - I+ 
0 - 0 
:r.-1g2 +, 4xlo-4 M; A - A 
2+ -4 II II Mg , l x 10 M; 
Velocity expressed as µmoles of 
creatine/µg . creatine kinase/min. 
1.0 ml., 
M 2+ g ' 
Mg2 +, 
. •'r 
to ( ,. • I 
. ' 
.. .. 
·'. 
·', I 
. i • • 
,. 
. . 
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Determination of the "apparent" K values of creatine 
m 
kinase for Mg2 + and ADP. 
Kine tic experiments in which the total me ttl ion 
concentration had been varied in the presence of a fixed 
non-saturating amount of ATP had yielded the same 
apparent K va1ue of creatine kinase for the metal ion 
m 
as obtained for ATP when the total ATP concentration 
had been varied with the total metal ion fi.xed at the 
same non-saturating level (Kuby ~ !:];., 1954b). or 
the reverse reaction, these workers found that there 
was a two-fold difference in the K values for totai 
m 
2+ Mg and total ADP , though they did not regard this 
difference as being significant. Askonas (1952) 
obtained superimposable lines for plots of 1/v against both 
1 /( total Mg2 +) and 1 /( total ADP). Such results are 
consistent with the idea that the metal-ATP and metal-ADP 
complexes are the substrates for the enzyme. The results 
shown in Fig. 15 do not support this contention, though 
the experiments cannot be regarded as satisfactory 
because of the scatter of points around the mean lines. 
DISCUSSION 
t the time that the above experiments were carried 
out 1 the determinations of the stability constants of 
magnesium nucleotide complexes as described in Chapter II 
had only recently been initiated and some doubt remained 
• I 
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~ ( . . . 
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60 
1 40 
-V 
-2 2 4 6 8 
or x O. 48 mM 
Apparent K values of creatin.e kinase :for 
m 
Mg and ADP All reaction mixtures contained N-ethyl-
morpholine (pH 8.o), O.l M; PC 10- 2 Mand 0. 9 µg . of 
creatine kinase. 
1
~ ~ \~ , variable component , 
- 4 Mg, total ADP , 2.8 x 10 M; 
substrate DP - l~ total. Mg , 2 . 8 x 10 i1 . 
, variable 
Total volume , 
1 . 0 ml . , temp 30°. Velocity expressed as µmoles o:f 
creatine/ µg. o:f creatine kinase/min. 
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as to tb.e correctness of the value of 4,150 M-l for 
the stability constant of' MgADP-. Thus most of the 
work in these initia1 experiments was carried out using 
the value of 1,000 M-l for the stab ility constant of 
this complex and more weight given to the results 
obtained using this value than :for those obtained with 
the higher constant (cf-. Morrison, O'Sullivan and 
Ogston , 1961). Further studies make it seem more 
likely that the higher value o:f the stability constant 
is correct and that the effect of PC on the apparent 
magnitude of this constant is small but not negligible. 
The kinetics of' the reverse re action ha.ve since been 
re-examined and are presented in Chapter VI. However, 
it should be stressed that the difference in the 
kinetic results obtained is quantitative rather than 
qualitative and that the overall rationale, as 
presented in this chapter, of the kinetic scheme, is 
not affected by the difference in the stability 
constants. 
In the kinetic calculations two main assumptions 
were made; that the reactionsleading to the formation 
of EM , ES and EHS are effectively at equilibrium and 
that the amounts of EH , ES and EMS :formed are too low 
in relation to those of :M, S and HS , to affect 
appreciably the concentrations of the latter. On this 
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basis equation (2) was obtained, and it has been shown 
that this equation adequately expresses the kinetics. 
From the agreement of experiment and theory, it 
might be concluded that all three pathways operate in 
the :formation o:f the enzyme-Mg-ADP complex. However, 
equation (2) would be obtained unchanged on the 
:following general asswnption: that each of the complex 
species in the scheme is linked to al.l others by~ 
least one route, all the reactions o:f which are rapid 
enough to maintain equilibrium. This means that it is 
possible :for some o:f the individual reactions to occur 
at zero rate without any e:f:fect on the steady state 
ki etics; in particular, any two of the reactions might 
occur at zero rate provided that both reactions of' 
pathway I, or both reactions o:f pathway II, or ~!h. 
reactions o:f pathway III do not occur at zero rate. 
From these considerations it is clear that while 
agreement o:f the observed kite ti cs with equation ( 2) 
shows that all the species E..'M, ES and E?-18 must be taken 
into consideration, no conclusion can be drawn as to 
whether any one o:f the pathways I, II and ITI is, or is 
not, op ra.tive in :fonning EMS. In p rticula:r, no 
co :firmation that MS is the only substrate can be 
obtained :from the steady state kinetics o:f this type 
o:f system. 
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In spite of this conclusion, it should be 
observed that the values o:f the equilibrium constants 
obt~ined must be considered to be Vclid even i:f the 
rates o:f one or more of the processes to which they 
epply are r~gligible or zero. '.Ibis is true because the 
same equilibrium concentration of any interniedic,te must 
be reached by whatever route equilibrium is obtained 
and because equilibrimn constants are ratios o:f 
equilibrium concentrations. Therefore the results with 
K5 = 1 mM lead to the conclusion that the energy o:f 
binding of ADPJ- to the enzyme dif'f'ers little according 
to whether Mg2 + is t or is not, already combined 
(K1~ K4 ); similarly, 
upon ADPJ- (K2~ KJ). 
2+ the binding of Mg depends little 
This makes it unlikely that Mg2 + 
acts as an essential, or even a preferential., li11k: 
between enzyme 3-and ADP • Thus it is unlikely that 
the role of the metal ion is to act as a bridge by means 
o:f which the substrate is linked to the enzyme 
( c :f . Malms tr m and Rosenberg, 19 59 ; this the sis, 
Chapter I). 
The results with K5 = o.24 mM, using the 
individual Kµ, v-lues (Table 11, columns (b) and (c) ), 
would indicate a slight i teraction between Mg2 + and 
3- h f Mg2 + on the ADP on the enzyme, i.e., t e presence o 
enzyme does help bind ADP3- and vice versa. However , 
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the effect is small and could have been within the 
experimental error, even though this was reduced to 
some extent by the use of a statistical method for 
the calculation of Kand V max. values. It should be 
noted that the value of' K6 for the interaction of 
MgADP- with the enzyme (from 1.0 to 1.5 x 10-4 M), 
obtained with K.5 = 0.21.t mM, wes in better agreement 
-4 with the value of 1.8 x 10 M reported by Nihei et alo 
--
• I 
(1961) , who used a. value of 2,000 M-l for the stability .. ··r 
- (K5 0 • .5 mM), constant of MgADP - than the value of 
0 . 2 X - 4 using K5 1 mM. 10 M obtained -
The conclusions drawn from the kinetic data are 
consistent , at least in part, with the results of the 
the:nuodynamic experiments of Kuby and Mahowald (1958). 
They found that both Mg2 + and ATP are independently 
bound to creatine kinase, aithough the dissociation 
constant for the enzyme-Mg complex was over ten times 
greater th2n the kinetically determined value reported 
here . These results for ADP, with KS = 1 mN and to a 
certain extent with K.5 = o.24 mM, differ from those of 
Kuby and Mahowald (1958) for ATP in that they found 
that there was an increased binding of ATP to the 
enzyme in the presence of' Mg2 +. Such a result could 
be due to the non-specific binding of ATP to an 
inactive enzyme-Mg complex, or possibly to the enzyme 
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having a gre~ter affinity for MgATP2 - than for the 
free nucleotide. 
The strongest kinetic argument for the idea that 
the creatine kinese reaction occurs by a single 
compulsory pathway involving the interaction of the 
enzyme with a Mg-nucleotide complex is the :finding that 
the apparent af'finity constant for the substrate at a 
fixed non-saturating metal concentrction is the same as 
the apparent affinity constant for the metal at the sane 
~ixed concentration of substrate {Kuby, Noda and Lardy , 
1954b; Askonas , 1952). These results show that under 
the above conditions, plots of 1/v against 1/(totaJ. ADP) 
and against 1/( total Mg) do not yield superimposable 
lines . However , it is of interest to note that Dixon 
and Webb (1958b) have pointed out that this result 
would al.so be obtRined if an enzyme- metal - substrate 
complex were formed by all three pathways indicated 
above and if the K values for the enzyme-metal and 
m 
enzyme-substrate complexes ~ere identical. 
Studies of the activation of creatine kinase by 
Mg2 + in relation to PC indicated tha.t the divalent 
metal ion is not involved i 1 the linkage of this 
substrate to the enzyme. Tbus as far as path eys I 
2+ and II are concerned, it would seem that Mg could 
be involved directly or indirectly in the f'ormatio 
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fa transition state complex involving both PC and 
ADP . The possible nature and function of such a complex 
is discussed in the Conclusion ( Chapter VIII). 
Sill'IM.ARY 
A kinetic approach has been used to eva1uate the 
dissociation constants for all the possible intermediate 
steps in the formation of an enzyme-Mg-substrate complex 
for the reverse reaction catalysed by creatine kinase. 
2+ The results suggest that Mg and the t 'lo substrates are 
capable of: being bound independently to the enzyme and 
2 that dg does not greatly aff'ect the binding of the 
substra es . 
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THE INHIBITION BY EXCESS Mg2 + AND EXCESS 
OF THE REVERSE REACTION CAT.ALYSED BY 
CREATINE KINASE 
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DP 
. 
On the basis that rapid equilibri mn conditions 
prevailed and that the species could be bound 
independently to the enzyme, the kinetic results 
pre sented in Chapter IV had indicated that the reaction 
of' the various species , Mg2 +, ADP3- and MgADI>- wi tl 
creatine kinase could be operative in the formation of 
an active EMS complex. If' such a conclusion were correct, 
it might be expected that both Mg2 + and ADP3- would 
compe te with MgADP- f'or the same site on the enzyme. In 
other ords , in the presence of Mg DP- , an excess of 
either Mg2 + or ADP3- should give rise to competitive 
inhibi ti o • 
In a previous study of the i hibition of the 
re erse reaction, under conditions :vhe re the concentration 
of AD was held constant while the Mg2 + concentration was 
incre2sed , Kuby , Noda and Lardy (1954b) found that the 
reaction. velocity pass d through a ma:imum and then 
decreased . With this approach it would not be possible 
to determine the nature of' the inhibition and furth rmore, 
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i:f there were compe ti ti on be tween Mg2 + and MgADP- :for 
the same site, such inhibition would be small, as the 
enzyme would be saturc1ted with MgADP- before 1g2+ was 
in excess. 
This chapter describes a study o:f the inhibition 
of creatine kinase by g 2 + and ADP3-, under conditions 
where the concentration of the inhibitor was maintained 
at a number of :fixed levels , while the MgADP-
concentration was varied within a non- saturating range 
o:f concentrations. In addition, studies o:f the e:f:fect 
o:f various non- saturating concentrations of PC on the 
inhibition have been carried out . 
THEORY 
Inhibition of creatine ki se by Mg2 + with respect to 
MgADP-. 
The iru. tial velocity equation ( Chapter IV) may be 
rearranged in terms ofµ (Mg2 +) and z (MgADP-) , so that 
ke 
V 
+ + 
(1) 
• + 1 z 
The findings o:f Kuby et al . (1954b 1 and Nihei.!::.!~. (1961) 
had indicated that PC reacted qith the enzyme independently 
of the nucleotide. Thus , assuming that the enzyme-PC 
complex has a dissociation constant . ~ , which is 
independent of the form o:f the enzyme, equation ( 1) may 
• • 
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be modified to take into account the effect of the C 
concentration on the reaction velocity , viz., 
V 
{i+~lf~ [PCJ!) z 
In the inverse form 
1 
v ' 
where 
-ke 
1 
V 
• 
1 
z 
1 
v ' 
• 
ke 
• 
1! + K2 
z µ + 1 
+ 1 
(2) 
(3) 
(4) 
Plots of 1 /v ' against 1 /z, withµ held constant at various 
fixed values , µ and PC held constant, should give a 
family of straight lines with slope and maximtUD velocity 
varying with the concentration ofµ and the intercepts on 
the x - and y - axis defined by 
K6 (1 + 
~ 
ke 
K3) 
vµ , K2 and Kµ, K2 - -+ 1 + 1 
- -µ , µ, 
For the condition, µ )> K2, equation ( 3) reduces to 
1 K6 ~ \ 1 ..E. 1 - - - • + +-V k K3 k.e (5) 
so that plots of 1 /v' against 1 /z, for various fixed 
values ofµ and PC , should give a series of straight 
lines with the same value of vµ, and with Kµ, depe dent 
o µ •, according to the relationship 
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(6) 
Inhibition of creatine kinase by with respect to 
MgADP-. 
Rearranging the genera1 equation in terms of' u 
(ADPJ-) and z , and allowing :for the interaction o:f PC 
w1 th the enzyme , 
V 
1 
and 
-v' 
with 1 
V 
ke 
- ll + ~~f~ K6 
(PC t z +if"" • 1 
K6 
- -ke 
= 1 
v • 
• 
1 t 1 + ~1 -z Kl 
~ 
+ (PC) 
K4 + 1 \ (7) er 
-
+-
z (S"' 
1 i K4 
+ 1 j (8) + - -ke <r 
(4a) 
Thus plots o:f 1 /v• against 1 /z , with held constant at 
a-' , and PC constant , should be linear, d th 
V ' (J 
with both V , 
«-
For the 
1 
V 
ke 
-
-
and 
and K, dependent 
G" 
condition , Q"' ')) K4 
ke • + 
K' 
<T 
on t 
- + 1 
• 
equation~) becomes 
1 
+ ke (9) 
so that plots o:f 1 /v' against 1 /z, :for :fixed values o:f 
er' and PC , should give a series of strc.ight lines with 
the same V and with K dependent on u' , according to the 
relationship 
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(10) 
When experiments were carried out with 
concentrations o:f Mg2 + greater than those used previously, 
a time - dependent denaturation o:f the enzyme was observed 
(c:f . Chapter III) . It was found that EDTA not onJ..y 
prevented this denaturation but also considerably enhanced 
the activity of the enzyme. Therefore, EDTA at a 
concentration of 10-5 M, was added to all reaction 
mixtures . This concentration o:f EDTA was considered to 
have only a negligible e:f:fect on the concentration o:f 
:free Mg2 +. 
All materials and methods were as described 
previously , xcept that :for the experirr1en ts with excess 
Mg2 +, the concentration o:f EDTA in the alkali solution 
used to stop the reaction was increased to prevent the 
precipitation of Mg( OH) 2 , the concentrc.-tion of' EDTA in 
the final mixture being 0.03 M. 
The pparent stability constant of MgADP- is a 
:function of the PC concentration (see Chapter II) and 
this was taken into account when calculating the total 
"'Ig2 + and tot al ADP t t. . d t th 1· concen ra ions req~ire a e 
dif:f rent non-sat rating levels o:f PC used . All 
experiments vere run for two time periods (usu~11y t and 
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1! minutes), to ensure that initial velocities were 
being observed. 
The terminology suggested by Cleland (1963) has 
been used to classify the various types of inhibition 
obtained and his procedures have also been used to 
estimate the various inhibition constants (K.). Thus 
1 
the inhibition is called competitive , uncompetitive 
and non-competitive, respectively, when the slope, 
vertical intercept, or both , are a function of the 
inhibitor concentration. I:f the slope and/ or intercept 
is a linear :function of the inhibitor concentrotion, the 
inhibition is called linear. The K. values for linear 
1 
inhibitions have been obtained by replotting slopes 
and/or intercepts against inhibitor concentration. 
The weighted mean squares method of Wilkinson 
(1961 was used to calculate the maximum velocity and K 
values from the double reciprocal plots . 
RESULTS 
Preliminary experiments, carried out at the same 
time as the kinetic results reported i1 Chapter IV , had 
shown that inhibition occurred with excess Mg2 + or 
excess ADP . When the concentration of MgADP- present ~as 
- 1 
calculated using the value of' l , 000 N for the 
stability constant of this complex, it became apparent 
that the reaction velocity decreased as the concentration 
• • 
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of' MgADP- i creased ru-ld that the velocity was greater in 
the f' "·rg2 + th h ADPJ- . presence o excess fi . an wen was in excess. 
These results were reported by Morrison, O'Sullivan 
and Ogston (1961) and Table 13 is reproduced from this 
publication . It appeared that the results could be 
reasonably accounted for by the general. reaction scheme. 
Thus , using the values obtained with K5 - 1 mH (Table 9, 
Chapter IV) , the calculated ratios of the velocities 
la/lb , 2a/2b , Ja/Jb were o . 84 , 0 . 74 and 0.65 , respectively, 
while the observed values were o.86 , 0 . 67 and 0 . 56. 
However, this simple calculation did not give good 
correlation with the observed results, when the constants 
obtained with the higher stability constant (K.5 = 0.24 mM) 
were used. The cal.culated ratios using the constants 
from column (b) , Table 11 , Chapter IV (i.e. , those 
obtained using the individual values of Kµ, , these 
constants being similar to those reported in the 
reassessment of the reverse reaction. in Chapter VI) ~ere 
Oo86 , o . SJ and 0 . 82. 
The inhibition of creatine kinase by Mg2.:._with espect 
to MgADP-. 
The concentration of free Hg2 + was maintained at 
1 , 5 , 10 and 15 m.M and the concentration of Mg.ADP- was 
varied from O 8 mM to 0 . 065 nuf. Under these conditions, 
except whe 2+ the concentration of dg was 1 mM, where 
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TABLE 1) 
Correlation of' the r action velocities ,nth the 
--
concentrations o:f Mg 2 +, ADP3- and Mg ADP-
The react· on mixtures contained N- ethylmorpholine 
( ) -2 pH 8.0 , 0 .1 M; PC , 10 M and creatine kinase, 0.9 µg ., 
as well as the indicated amounts of Mg and ADP . Vol ., 
1 0 ml., temp. J0°. The concentrations of Mg2 +, ADP3-
and NgADP- were calculated on the basis that K
5 
= 1 mM. 
All co ncen trati ons are expressed as mM and the reaction 
velocities are given in terms of µM of creatine/µg. 
creatine kinase/min. 
--
- Mg2+ ADpJ- Velocity Tot 1 Mg Total ADP MgADP (µM creatine/µg. 
creatine kinase/ 
min) 
1. ( a) 1 2 5 0 .65 0 .35 2.15 0 .50 
(b) 2.5 1 0 .65 2.15 0 . 35 0 . 59 
2o ( a) 1 5 0 . 82 I 0.18 4 . 16 o . 41 
(b) 5 I 1 0.82 4. 16 0 . 18 0 .61 
Jo (a) 1 10 0 . 9 0 . 1 9 1 0.24 I 0 .1 (b)lO 1 0 . 9 9.1 o . 43 
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the ADPJ- concentration ranged from approximately 0.5 to 
0 .1 of K1 , the concentration of ADPJ- was negligible 
compared to its Km value (K1 ) . 
Plots of 1 /v against 1 /Hg DP-, at the above four 
levels of Mg2 + and with PC at concentrations of 20 , 10 
and 5 mM , are shown in Fig. 16 . It is clear that the 
inhibition increases with increasing Mg2 + concentration, 
though the i'-Ig2 + concentration required to obtain 
inhibition was much greater than would have been expected 
on the basis of K3 being approximately 1 - 3 x 10-
4 M. 
Further , the inhibition appears to be of the non-
compe ti ti ve type • 
The calculated va1ues of the K for MgADP- end the 
m 
maximum velocities at saturating concentrations of' 1~gADP-, 
from these plots, have been collected in Table 14 , 
together with the values for the slopes of the lines. The 
K values for MgADP- , at each concentration of PC, appear 
rn 
to vary in a random fashion . The average val 1e of the 
K , at each concentration of PC , varied slightly with m 
the PC concentration, but it is doubtful if this is of 
any significance . The average values of the K were 
m 
used to calculate the slope, but for comparative purposes, 
values were also obtained by using the individual 
estimates of K and these are included in Table 14 . 
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Fig: • 16. The inhibition of creatine kinase by Mg2 + 
with respect to MgADP-, at different concentrations 
2+ -of' PC. The concentrations of' Mg and MgADP were 
adjusted by varying the total. concentrations of ADP 
-1 6 -1 and Mg , using values of' J,JOO M , J, 00 M and 
-1 -J , 800 M for the stability constant of' MgADP at PC 
equal to 20, 10 and 5 mM respectively . The re action 
mixtures contained N-ethylmorpholine (pH 8 .o), 
0 .1 M; creatine kinase, 0.576 µg . and EDTA (10-5 M) 
as well as the indicated amounts of Mg2 +, MgADP-
and PC . Tota1 volume, 1.0 ml., temp . 30° . Velocity 
is expressed as µmoles of creatine/µg . of creatine 
kinase/min . 
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TAB~ 14 
The inhibition of creatine kinase by Mg2 + 
with res ect to 11 ADP-
C lcul ted vaJ.ues of the max·mum velocities (V) at 
saturating concentration of Mg ... DP-, of the appare1 t 
K values (K) for 1gADP- 2nd of the slope (K /v) from the m 
plots of 1 /v against 1 /MgADP-, for fixed concentra tions 
of Mg2 + , at different PC conce~trations ( Fig. 16). Vis 
expressed in µmoles of creatine released per µg. of 
creatine kinase per min., K as M x 104 0 TI1e vel 1es of 
K/V were calctlated using both the average 2nd the 
individual values of K. The slopes obtained using the 
latter values are given in parenthesis. 
Mg2+ 
cone . 
(mM) 
V 
1 . 0 0 . 128 
5 . 0 0 . 103 
10 . 0 0 . 078 
15 O 0 . 067 
Average K 
m 
fo 1'-gADP-
5.0 
K 
0 $99 
1 . 20 
l 05 
1 . 19 
1.11 
PC 
K/ V V I 
8.67 0.154 
'7.73) 
10 78 0.120 
(11065) 
14023 0.099 
(13 46) 
16.57 0.083 
(17.76) 
concentration 
(mM) 
10 . 0 20 0 
K K/ V V K K/V 
0.93 6.82 0.188 Oo95 5.16 {6.04) (5.05 
0.92 8075 0.152 0.99 6.J8 (7.67) {6.51 
.21 10.61 0.134 1.03 7. 2Ii (12.22) {7o69 
1.13 12.65 0.107 o.BB 9o07 (lJ.61) (8o~2 
1 05 0.97 
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Estimates of the inb.ibi tion constant , Ki, for 
Mg2 + were obtained from plots of both the slope and 
the reciproc of the maximum velocities against dg2 + 
concentration at each concentration of ?C (Fig. 17a, 
17b). As both the slope of the lines and the 
intercepts are linear functions of the Hg2 + concentration , 
the inhibition by Hg2 + with respect to Mg.A.DP- may be 
classified as simple linear non-competitive (Cleland, 
1963). The K. values at three fixed concentrations of 1 
PC are collected in Table 15 and the values obtained 
using the individual values of the K for HgADP- are 
m 
also included . It is apparent that the K. value 
1 
increases with increasing PC concentration. From a 
plot of' K. against PC concentration (Fig. 18a) it was 
1 
determined that at zero concentration of C, the K. 
1 
value for Mg2 + was 12 . 8 mM . Alternatively , a plot of' 
1 /K. against 1 /PC (Fig. 18b) gave a value of 20.3 mM at 1 
inf'inite PC concentration. 
Values of the maximum velocity (Vo) at saturating 
concentrations of MgADP- and extrapolated to zero 
concentration of Mg2 , were aJ.so obtained from Fig. 17b 
for each concentration of PC and are included in Table 15. 
A plot of 1 /vo, at each concentration of PC , against 1 /PC, 
according to equation (u) gave a K value for PC of 
m 
3 06 mM (:tig e 19). This may be compared with the values 
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V 
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/ 0 
.& 0 ~ 
/ 0 ~ ------· 
0 / .------- • 
. .--
5 10 15 
Mg 2 + mM 
5 10 15 
Mg 2 + mM 
PC = 5 mM 
PC = 10 mM 
PC = 20 mM 
PC= 5 mM 
PC = 10 mM 
PC = 20 mM 
20 
Fig . 17 (a). Plot of' slope (K/V) against ]\fg2 + concentration 
at different PC concentrations. Data obtained from the plots 
for the inhibitio by Mg2 + with respect to MgADP- (Fig. 16). 
(b) . Plot of intercept (1/V) against Mg2+ 
concentration at different PC concentra ions. Data obtained 
from the plots for the inhibition by Mg2 + with respect to 
}IgADP- (Fig ~ 16) 
Lines of best fit were drawn using the method of 
least squares. 
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TABLE 15 
Variation of K. {Mg2 +) with C concentration 
The values reported were obtained from the secondary 
plots of slope and intercept against Mg2 + concentration 
(Fig. 17a, 17b). Vo is the maximum velocity for each PC 
concentration as obtained from Fig. 17a and is expressed 
as µmoles creatine/µg. creatine kinase/mino Values of Ki 
in parenthesis were obtained using the individual K 
values from Table 14. 
------------------------------------
PC 
concentration 
(mM) 
5 
10 
20 
K. (intercept) ]. 
(mM) 
14 .o 
16.0 
18 . 4 
K. (slope) ]. 
(mM) 
14 . o (11.0) 
15.9 ( 9.3) 
J.8 2 (22 . 8) 
Vo 
0.137 
0.161 
0.188 
__________________ ..... _____________ _ 
Extrapolation f K. values to zero concentration of PC 1 
(Fig. 18a): Ki= 12.8 mM . 
Plot of 1 /K. against ·/pc (Fig. 18b}: 1 
K. = 2 0 . 3 mM at PC = oo 1 
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Fig . 18 . (a) 
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• 
K . 
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60 
K . / I 
• 50 
40 
2 3 
20 mM 
PC 
Plot of' K. values, :for the inhibition by ?-Ig2 + 
1 
with respect to MgADP-J at dif'f'erent PC concentrations, 
against PC concentration. 
(b) Plot of' 1/K., for the inhibition by Mg2 + with 1 
respect to MgAD -, at dif'f'erent PC concentrations, against 
1/PC 
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Fig. 19 Plot of 1 /vo values , at different PC 
concentrations, from the inhibition by l g 2 + with 
respect to MgAD , against the reciproca1 of the PC 
concentration. 
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of 16 mN , 0 8 mN and 5 mM reported by Morrison et al. 
-
(1961) , Nihei~..§.!_. (1961) and Kuby tl tl.• (1954b), 
respectively. The plot shown in Fig. 19 also gave the 
value of 0.23 µmoles creatine/µg. creatine kinase/min. 
(18,600 moles/min./mole of creatine kinase) for the 
maximwn velocity at pH 8 . 0 when the enzyme is saturated 
with MgADP- and PC, and the Mg2 + concentration is zero. 
On the basis of the theory previously elaborated, 
it would have been expected that both Vµ , and Kµ, would 
vary ri th varying µ' ( equation 3) • 
it could be concluded that f :~ + 1  
As is constant, 
+ ~ 1 , that 
K3 J 
is K2K3 = µ 
12
, which is untenable as ~t I is a variable . 
Alternatively , the requirement could be met if µ' ) )K2 
and K3)) µ', but such relationships would have given Km 
and maximillll velocities which were independent ofµ,. As 
the maximum velocity is a function of the concentration 
f µ,, it appears that the postulated kinetic scheme 
cannot satisfactorily explain the inhibition by Mg
2
+. 
A consideration of some factors which might contribute 
to the inhibition observed vi th excess MgC12 • 
Non-competitive inhibition, insofar as the 
inhibitor does not react a.t the active site, may arise 
from some indirect effect on the reaction velocity. In 
particular, the conversion of substrate to an inactive 
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form, as a result of reaction with an inhibiting agent, 
can give rise to an apparent non-competitive inhibition. 
A number of possible factors which might lead to non-
competitive inhibition iere examined. 
•ormation of M~2ADP+: It had been previously suggested 
(Kuby et aJ.o, 1954b) that the inhibition of creatine 
--
kinase by excess metal ion could be due to the formation 
+ of a second complex; viz., Hg2ADP , which was not active 
in the enzymic reaction. There has been little evidence 
for the formation of such a complex, although Burton 
(1959) has concluded that it could fonn. He suggested 
an upper limit of 70 
* K -
-1 * M for K , mere 
[Mg2.ADP+] 
Consideration was given to the possible formation 
of this complex under conditions where the concentration 
of Mg2 + vas much greater than that of Mg:DP-. The effect 
* of assigning values to K , within a narrow range, on the 
reciprocal plots , was tested. Table 16 shovs the 
calculated values of Mg2ADP+ at an apparent .IgADP-
concentratio of 0 .2 m14 , together with the corrected 
concentrations o:f NgADP-, for K* at 20 :M- l and 50 M- 1 • 
In Fig 20, the data obtained for the inhibition of the 
enzyme by Mg2 + at PC equal to 5 DJlvl have been replotted 
' 
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TABLE 16 
+ The possible effect o:f the :formation of..J!s:2ADP 
on the concentration o:f MgADP-
+ Calculated values of Mg2 ADP and the resultant value 
o:f fgADP- :for an apparent concentration of MgADP- -
-1 -1 0 2 mM, w:i. th assumed val. ue s o:f 20 M and 50 M , 
fMg2 .ADP+] 
--------
- rMg2 +1 rMgADP-] • 
* :for K , where K Results with 
K* = 50 M-l are shown in parenthesis. 
1g2 + (mM) 1 5 10 15 
0.004 0 . 018 0.033 0.046 
(0.010) (o . o4o) (0.067) (0.086) 
MgADP- (mM) 0 .196 0 . 182 Oo167 0.154 
(0 .190) (0.160) (0.133) (0.114) 
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Fig. 20. Data :for inhibition of' MgADP- by Mg2 + 
as in Fig. 16 at PC - 5 mM replotted taking the 
possible existence of Mg2 ADP+ into account, with 
[Mg2ADP+] * -1 * K = 50 M where K = 
[Mg2+][MgADP-] • 
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* -1 
on the basis of K = 50 M • 'l'he result is that the 
inhibition becomes linear uncompeti tlve. A plot o:f the 
reciprocal of the maximum velocity, at different Mg2 + 
concentrations, against Mg2 + concentration., shoved that 
the intercept was a linear function of Mg2 + and a K. 
1 
value of' approximately 12 mM was calculated. This set 
* of data has also been tested for K values of 20, 100, 
200 and 500 M-l with effectively the same result in each 
case, i.e., uncompetitive inhibition with 1ittle or no 
change in the intercept vaJ.ues. (Theoretical.ly, the 
values o:f the intercepts shou1d have been independent 
* of' K • ) + If' the fo:rmation o:f Mg2ADP was the so1e 
contributing factor to inhibition, it would have been 
expected that all the points would fall on the same 
straight line. . s this does not occur, the formation 
+ of Mg2ADP does not satisfactorily account for the 
observ d inhibition. 
Fonnation of MgPQ: The results of' Kuby ~ !:.!• (1954b) 
had indicated that free PC , rather thc1n an MgPC complex, 
was the substrate for the enzymic reaction. Thus, at 
2+ 
re1ative1y high concentrations of Mg , the formation of' 
MgPC could lead to an apparent inhibition The data at 
PC= 10 mM was tested using the value of 12 M- l 
reported in Chapter II for the stability constant o:f MgPC. 
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The :formation of' this complex would reduce the 
2+ concentrations of' both PC and Mg , and hence of' J\IgADP-. 
The ef'f'ect on the MgADP- concentration was 
negligib1e , so that the plots of 1 /v against 1 /MgADP-
(rig . 16) were unaf'f'ected. However, the va1ues of' K. 
1 
for Mg2 +, obtained :from the secondary plots, were 
altered by about 10%. Thus the K. obtained f'rom the 
J. 
plot of' slope against Mg2 + (Fig. 17b) was changed f'rom 
15 . 9 mM to 14 . 0 mM. As the concentrations of' both Mg2 + 
and PC were altered, the extrapolated value of' K1 
' . 
t r 
t I 
. ,, 
'r 
. . 
'• . 
l 
. . . 
. t 
obtained by plotting apparent Ki against PC conct:.ntration o1, ~ 
( Fig . 18a, Table 15) was virtually unaf':fected. The K 
m 
value f'or PC as also slightly reduced (see next section). 
Ionic s~ngth: Kistiakowsky and Shaw (195.'.3) showed 
that the activity o:f urea amidohydrolase (urease; 
3. 5. 1 . 5) decreased as the ionic strength increased, 
independent to the nature of the electrolyte which was 
added . They showed that it was possible to fit the 
Debye-H ckel equation :for the ionic activity coef'ficients 
~ 1 B Jµ - - + log(v0 /v) A • 
(µ 
-
ionic strength; V = velocity; yO = velocity at 
zero ionic str ngth; and and B the constants f'or the 
,-
Debye-H ckel limiting la ) . Thus, a plot o:f µ/log(V 0 /V) 
against jµ. was linear and values could be assigned to 
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). and B. 
In the inhibition experiments reported in this 
section, the ionic strength increased from approximately 
0 . 11 _t Mg2 + = 1 mM to 2pproximately 0 . 15 at Hg2 + = 15 nul . 
Using the V values in Table 14 an estimate of' v0 was 
obtained and used in an attempt to f'it the Debye-Hllckel 
relationship . However, the plots were hyperbolic and no 
estimates of A and B could be obtained. 
Ef'forts were also made to test the effect of' ionic 
strength experimentally by adding r aCl 2nd KCl . These 
electrolytes inhibited the reoction to a lesser degree 
than MgC12 at the same ionic strength and the observed 
inhibition could have been due to the formation of' 
2- 2-complexes such as Na,l",DP and KADP 
• Tetraethylammoni 
ion , which does not interact with the nucleotide ( ,-·mith 
and Alberty, 1956) was added as the bromide. This salt 
was found to be a strong inhibitor of creatine kinase 
n appeared to be particlly competitive with respect to 
PC . 
Another e:ffect of increasing the ionic strength 
would be to disturb the equilibrium between MgADP- and 
Mg2 + and ADPJ- . Thus , Bur ton ( 1959) demonstrated that 
the apparent st bili y con·tant, an thus the 
concentrati o o:f MgADP-, deer ased i th increasing 
ionic strength. 
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Effect of chloride ion: It was reported by rihei et al. 
--
(1961) that a number o:f anions, including Cl.-, were 
competitive inhibitors o:f crec1tine kinc,se with respect 
to PC . Tbey reported a Ki :for Cl- o:f 0.11 Mat pH 6 . 3, 
though , as the chloride was added as NaCl, it was not 
clear that the observed inhibition was entirely due to 
Cl-, rather than to Na+, and thus the figure of' Ooll M 
probably represents an upper limit . 
As Mg2 + was added as MgC12 , the e:ffect of Cl- as 
a non- competitive inhibitor with respect to MgADP- was 
t e sted on the data presented in Table 14 at PC= 5 mM. 
The Vo value at this concentration o:f PC was 0 . 137 µmoles 
creatine/~Lg. ere a tine kinase/min ( Table 15). Using 
the :formula 
* V 
-
V 
1 i + -K. 
l. 
* the V value at zero concentration of Cl- was calculated 
to be 0 . 171 µmoles creatine/µg. creatine kinase/min., 
the concentration of' Cl- in 0.1 M N-ethylmorpholine 
bu:f:fer , pH 8. o, being tak n as 0.029 M (Dawson, Elliott, 
Elliott a d Jo es, 1959). }rom this, values of' V at 
different concentrations o:f Cl- were caJ.cu1ated and are 
compar d iith the observed valu s i1. Table 17. It is 
seen that a deer ase in maximwn velocity vith increasi g 
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TABLE 17 
The J?redicted effect o:f Cl- as a non-competitive 
inhibitor., with r spect to MgADP-, o:f the reactio}l 
~talysed by crec·tine kinase 
Cl- is taken as having a K. o:f 0 . 11 M (Nihei !:..! 2,.l• :, 
1 
1961). The calculated velocities are obtained :fron 
V 
1 
* V 
+ 
i 
K. 
1 
The calculated values, at PC = 5 mM , are compared ·with 
the observed values in Table 14 , usir-g the value of 
* V = 0.171. All V values expressed in µmoles o:f 
creatine released per µg . o:f creatine kinase per min. 
Mg2+ concentration V V 
(mM) (calculated) (observed) 
1 0 .133 0.128 
5 0 . 126 0 . 103 
10 0 .118 0 . 078 
15 0 . 11 0 . 067 
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Cl- concentration would be predictect, though it was much 
less than the observed effect. 
Conclusion : ~ach of the factors considered in this 
section appears to be unable to explain the observed 
inhibition. It is possible that the sum of' the effects 
considered could make a s~bstantial contribution to the 
total inhibition, but it was not possible to assess the 
possible magnitude of such a contribution. 
The inhibition of creatine kinase by Mg2 + with respect to 
phosphorylcreatine (Pel. 
As the Ki values obtained from the inhibition of 
creatine kinase by Mg2 with respect to 1gADP- had been 
found to be dependent on the PC concentration, a more 
detailed analysis of' the i hibition by Mg2 + with respect 
to PC was carried out. Reciprocal plots of the variation 
of' velocity with PC concentration, obtained in the presence 
of different fixed concentrations of MgADP-, are shown in 
Fig . 21. Both the slopes and the intercepts a.re :functions 
f th Mg2 + t t . th t th . h. b . t . by Mg2 + o e concen ra ion , so a e 1n 1 1 ion 
is non-competitive. The values of the K for PC, the 
m 
maximum velocities at saturating concentrations of PC , 
and of t slopes, calculated :from these plots , ar 
collected in Table 18. Pl ts of the slopes and of the 
reciprocals of the aximum velocities against Mg2 + 
concentration are sho n i Fig. 22a and 22b . Both 
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Fig. 210 r!'he inhibition by Mg2 + with respect to PC 
at three concentrations of MgADP-. The concentrations 
2 
of Mg - . and MgADP are indicated on the plots . 
reaction mixtures contained N-ethy1morpholine 
(pH s.o), 0.1 M; creatine kinase (0~576 µg . ) and 
EDTA (10-5 M) as well as the indicatedanounts of 
The 
2+ -PC , Mg and MgADP . Total vo1tune , 1 .0 ml o, temp • 
30°. Velocity is expressed as µmoles of creatine/µg. 
of creatine kinase/min • 
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TABLE 18 
2+ The inhibition of' creatine kinase by 1\1g 
wi h respect to PC 
Calculated values of' the maximum velocities (v) at 
saturating concentrations of PC, of' the apparent K 
m 
values (K) f'or PC and of' the slope (K/v), f'rom the plots 
of' 1 /v against 1 /PC f'or :fixed concentrations o:f Mg2 + at 
different MgADP- concentrations (B1g. 21). Vis expressed 
as µmoles creatine/µg. creotine kinase/min.; K as mM. 
-
-
- 0.2 mM 1 2+ MgADP - 0 .1 m:M Mg DP = 0.13 mM MgADP -I g 
cone. V K K/V V K K/V V K K/V (mM) 
1 Ool05 5.0 l~7 . 6 00125 5.3 42.6 0 128 4.4 J4.6 
5 0 .091 5 .9 64.8 0.109 6.2 56.6 0.105 5.0 47.6 
10 00078 6.8 86.8 0.091 6.9 75.8 0.095 5.2 54.6 
15 0.065 s.o 124 O 077 7.6 98.2 I 0.077 5.7 74 2 
Values of' K obtained by extrapolation to zero Mg2 + 
co centration: 
4 8 5.3 4.5 
verag value of K f'or PC 
-
4.9 rrul . m 
(N .B. Results at -g JJP = 0.2 mM ver cerrie out at a 
di f':fcren t time to those at O.lJ and 0.1 mM.) 
w 
l 
... 
, I 
~... ... , 
. . ' 
. 
125 
100 
K 75 
V 
50 
-10 
-5 
20 
-20 -15 
-10 -5 
• 
~ ~~-
. ~ 
:~· 
• 
5 
5 10 
Mg2+ 
10 15 
Mg 2 + mM 
15 
mM 
Mg ADP- 0.1 mM 
Mg ADP - 0 .13 mM 
Mg ADP -
0 .1 mM 
0 .13 mM 
0 .2 mM 
Fig . 22 . (a) Plot of slop (K/v) against Mg2 + concentration 
at dif'f'erent MgADP - concentrations. Values calculated from 
th plots f'or the inhibit on by Mg2 + with respect to PC (Fig.21). 
(b) Plot of' int rcept (1/V) against Mg2 + at dif'f'erent 
Mg.ADP- concentrations. Values calculat d from the plots f'or 
the inhibition by Mg2 + with resp ct to PC (Fig. 21). 
(The results with igADP- - 0.2 mM are not included in 
Fig . 22(b) as the experime ts were car ied out at a di£ferent 
time and the 1/V alues f'all almost e actly on the line for 
fg.ADP - = 0 . 13 mM . The lin s of' best fit were dr wn using 
th method of' least square). 
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in ercep an s ope are 1near unc ions i i~ · t t d 1 1 · f t · o.t:> the 'k.rg2 + 
concentration so that the inhibition can be more 
precisely classified as being linear non-competitivea 
The vaJ.ues of Ki (intercept) and Ki (slope) obtained :from 
the e plots are given in Table 19, and the values of' 21 mM 
and 10.5 mM obtained are in good agreement with those of' 
20.J mM at infinite PC concentration and of' 12 .8 mM at 
zero concentration of' PC (Fig . 18). No effect of the 
MgADP- concentration on the Ki values was observed. 
Estimates of' the K f'or PC were obtained by plotting m 
the apparent K 
m values at each fixed concentration of' 
.,.1 ADP- ' t 1...rg2 i· g aga.ins .1.·1 concentration and extrapolating to 
zero (~ig. 23). These values are included i Table 18. 
In agreement with Nihei et al . (1961), though these 
--
vorkers obtained a much lower value , the K value for PC 
m 
was independent of' the MgADP concentration in the range 
studied. 
The possible ef':fect of' Cl- on the apparent K f'or 
m 
PC , using the vaJ.ues ob ained at MgADP- = O. l mN, is 
* shown in T ble 20. The v&lue , 1" , at zero concentration 
of' Cl-, was calculated :from 
K * K + ...! 1 K. 
1 
with K = 4.8 l'1 end Ki= O.ll 1I (Nihei~~., 1961), 
to be J.7 m},{ . It is seen that the P-f'f'ect is significant , 
. 
. . . 
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TABLE 19 
(Mg2+j -Variation of' K. ,vi th Mg DP cone en tr' tion ]. 
Estimate · of K. f"or M 2+ with respect to PC , at g ' 1 
- values di f":feren t :fixed concen tr' tions of Mg.ADP • The 
reported were obtained :from the secondary plots of' 
1 d . t t . t •1g2 + t t· s ope an in ercep agains 1· concen ra ion 
(Fig. 22a , 22b 1 • 
-------------------------.---------
MgADP-
{mM) 
0.1 
0 .13 
0 . 2 
.Average: 
K. (intercept) 
i 
(mrI) 
21.1 
21.1 
K. (slope) 
i 
(mM) 
12.0 
. 
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Fig . 23 Plot of apparent K for C from the inhibition m 
y Mg2 + rlth respect to PC (Fig. 21) at HgADP ... = 0 . 1 mM , 
· t ~·1g2 + t t · agains .1.· cone en ra 1 on. 
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TABLE 20 
The predicted e:f:fect o:f Cl- as a competitive inhibitor, 
with respe t to PC, of the reaction catalysed by 
creatine kinase 
Cl- is taken as having a Ki o:f 0.11 M (Nihei!_! al. 
1961) . 
:from 
The calculated values of K for PC were obtained 
m 
K -
-
The calculated values, at MgADP- = 0.1 mM, are compared 
with the observed values in Table 18, using the value of 
* K = J . 7 mM . 11 K values expressed as ml• o 
Mg2+ concentration K K 
m m 
(mH) (calculated) (observed) 
l 4.9 5.0 
5 5.1 5o9 
10 5o5 6 8 
15 5 8 s.o 
,, 
. 
A 0 
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100. 
though · nsu:f:fi cient to explain the observed inhibition. 
The possibility that the inhibition was to some 
extent due to the :formation of.' an inactive MgPC complex 
was again considered, using the value o:f 12 M-l :for the 
stability constant o:f this complex . The e:f:fect on the 
plots o:f 1 /v against 1 /PC (Fig. 21) was to slightly 
reduce- the apparent K :for PC, while the maximum 
m 
velocities remained unchanged . li'or instance, at MgADP- -
0 . 1 mM, with Mg2 + - 1 mN , the apparent K is unchanged, m 
but at Mg2 + = 15 mM it is reduced :from 8.0 to 7.3 mM. 
The plot o:f intercept against Mg2 + (Fig. 22a) was 
2 
unchang d 1 and for the ~Jlots of' slope against 1vig (Fig.22b) 
d :f t K ai t "'"lg2 + an o apparen ag ns J.· 
m 
altered but the estimates o:f K. 1 
(Fig. 23), 
(Mg2 +) and 
the slopes were 
of' K :for PC 
m 
~ere virtually unchanged. Thus the observed i hibition 
would not appear to be due to any large degree to the 
:formation o:f J.IgPC . However, it is possible that the 
stability constant is somewhat greater than 12 1I-l 
(Smith and Alberty (1956) reported a value o:f 20 M-l), 
in which case the contri utio to the inhibition by the 
:fonnation of NgPC would be increased, though the stability 
co tant would need to be considera ly higher to have any 
ppreci able ef:fect . 
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The inhibition of creatine kinase by excess .ADPJ- with 
resFE:ct to MgADP:o 
The concentration o:f free ADP3- was set at values in 
the range 0.12.5 to 2 • .5 mM and the con entration of MgADP-
was varied :from 1 to 0.033 mM . Under these conditions, 
the concentration o:f Mg2 + was negligible compared to K. 1 
( 2+) t ~ 1/v t 1/ - ( ) Mg • Plo s 0.1. agains ·r.igADP ..c'ig. 24 at three 
concentrations of PC , 5, 10 and 20 mN, show that ADPJ-
inhibi ts the enzyme co npe ti ti vely with respect to ifgADP-. 
Calculated values, :from these plots, of the K :for Mg ADP-, 
m 
of' the maximmn velocity at saturating concentrations o:f 
MgADP- for each concentration of' .. ADP3- , and o:f the slope, 
are collected in Table 21. Secondary plots o:f slope 
against ADP3- concentration are shown in Fig~ 25 and the 
K values obtained from these plots in Table 22. As the 
1 
slope is a line ar :function of the ADP3- concentration, the 
inhibition may be classified as linear competitive. 
This data may also be treated in terms of the general 
equation. From equatio (9) , derived :from the general 
velocity equation :for the condition that cr >> K4 , plots of' 
1/ 1/ - 3- r ) v against ."'lgADP , :for fixed values of' ADP , a-' , 
sh uld give a series of' straight lines with the same 
intercept, in li'ig 24 and ritb K = K6 (1 + 
<r' ) as 
-t Kl 
(Equation 10). {It sh uld be mentioned that, i f' the values 
of' K4 r ported in Chapter IV, obtained using the average 
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Fig. 24. The inhibition of creatine kinase by ADP3-
with respect to MgADP- at different PC 
concentrations. The concentrations o:f Mg2 + and 
-MgADP were ad.justed by varying the total 
concentrations of' ADP and Mg , with values of 
J,JOO M-1 
-1 _ , 
J, 600 M end 3t 800 M .... :for the 
stability constant o:f MgADP- at PC equa.1 to 20 , 10 
and 5 mM respectively. The reaction mixtures 
contained N-ethylmorpholine (pH 8.o), 0.1 M; 
creatine kinase , 0 .576 µg. and EDTA as well as 
the indicated amounts of ADP3- t PC and MgADP-
Tota1 volume, 1.0 ml., temp. J0°. Velocity is 
expressed as µmoles of creatine/µg . o:f creatine 
kinase/min . (Only :four plots are shown at PC= 
10 mM as otherwise the graph became too 
congested) o 
PC• 20 mM 
V 
PC= 10 mM 
30 
V 
PC = 5 mM 
ADP 3-
ADP3-
2.0 mM 1.0 mM 
• / ADP 3-
• • r ~:/* 0.5 mM /.. 
. -~~· ADP'" - ~~ 0 .125mM 
10 20 
M 
Mg ADP -
ADP 3-
= 2.5 mM ADP 3-
30 
/ 1·. ':::, 
l
i/1 = 05 ..... / *' · mM~ 
.
0:/~.Y~'  0.125mM 
10 
ADP3-
10 
20 
10· 3 
--- M 
Mg ADP-
20 
10- 3 M 
Mg ADP -
30 
30 
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TABLE 21 
The inhibition of creatine kinase by ADP3-
wi th respect to 1'I~ADP-
Calculated values of the maximum velocities (v) at 
saturating concentrations of MgADP-, of the apparent 
K va1ues (K) and of slope (K/v), from the plots of m 
1 /v against 1 /Mg.ADP-, for f'ixed concentrations of' ADP.3-, 
at various PC concentrations (Fig. 24). Vis expressed 
as µmoles of creatine released per µg. of' creatine 
kinase per min.; K as mM. 
.ADP.3- PC = 5 mM PC = 10 mM I PC = 20 mM 
(mM) V K K/V V K K/V V K K/v 
0 . 125 0 . 118 0 . 091 0.77 0.1.36 0.065 o.47 0.163 0.072 o.44 
0. 5 0 . 121 0.179 1.46 0.129 0.105 0.81 0.170 0.135 0.80 
1 . 0 0.116 0.234 2.0 0.14.3 0.222 1.56 0.170 0.187 1..09 
1 . 5 
- - -
0.145 0.308 2.16 
- - -
2 . 0 0 . 110 0.395 3.6 0.134 0.336 2.47 0.164 0.258 1.57 
2 . 5 
- - -
0.127 o.476 3.48 
- - -
Average V 0.116 0.136 0.167 
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ADP 3 - mM 
Fig . 25 . Plots of slope (K/V) aga~nst ADP3-
co centration using the values obtained from the 
inhibition by ADP3- with respect to MgADP- (Fig .24). 
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TABLE 22 
Yalies of the Ki for ADPJ- as a competitive inhibitor 
-of MgADP , and of the constants K 1 and K6 as obtai d 
from the pots in Fig. 25 (Ki) and Fig. 26 (K1 and K6 ). 
4 All K values M x 10. 
PC K. Kl K6 (mM) 1 
5 4 5 o.8 
10 2 2 0.35 
20 4 4.5 o.6 
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Kµ, values are correct, then the condition, <l"'' ))K4 t does 
not hold for the lower concentratio_s of~· used in this 
study . However, it would be valid for tbe much lower 
values of K4 reported in Chapter VI.) In :V ig. 26, K <r' 
has been plotted against a-', for the K , values obtained 
<r 
t PC = 10 mN. This plot gave values of K1 , the constant 
for the interaction bet een ADP3- and the enzyme, and o:f 
K
6
, the constant for the interaction bet~een MgADP- and 
the enzyme , from the intercepts on the x- and y-axis 
respectively. 
Tbe values of K
1 
and K6 obtained from th.i.s plot, 
together with those :for PC at 5 and 20 mM, are included 
in Table 22 . If K
1 
is a true dissociation constant, tl~n 
it should be identical to K. o This is supported by the 
1 
figures reported in Table 22, i.e., the value for the 
interact! on of' ADPJ- with the enzyme is the same, whether 
this interaction is being considered as a step in the 
reaction pathway or as inhibiting the reaction. It sho ld 
be noted that the values for K1 , especially with PC at 
concentrations of 5 and 20 mM, are somewhat higher than 
those reported in Chapter IV. This could be due to 
experimental error, as only four concentrations of ADP
3
-
were considered in these two cases, and a small change in 
the apparent K for ADPJ- could have a marked e:f:fect on 
m 
the plot o:f K , agai st 
(r' 
! 
• 
By contrast, the values :for 
.. 
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Fig . 26. Plot 0£ K values, calculated from the data 
for the inhibition of' creatine kinase by ADP3- rith 
respect to ~ gADP-, t PC = 10 mM ( .ti~ig . 2L~) . 
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K6 were somewhat lower than those re orted in Chapter IV, 
and to a lesser degree , lower than the value obtained :for 
the K for MgADP- from the inhibition by Mg2 + with 
m 
respect to NgADP-, though in neither case was the 
discrepancy very great . 
The average values o:f the intercept, :for each 
concentration o:f PC, from Table 21 were used for a plot 
o:f 1 /V against 1 /PC, according to equation (4a) (Fig. 27) . 
From this plot, the K f'or PC was calculated to be J o6 m:H, 
m 
while the maximum velocity was :found to be 0.193 µmoles 
creati ne/µg . creatine kinase/min . (15,600 moles/min./ 
mole o:f creatine kinase) at pH 8 . 0 with tbe enzyme 
saturated with MgADP- and PC , and ADP.3- at zero 
concentration. This may be compared with the value o:f 
0.2.3 µmoles creati e/µg . creatine kinase/min . obtained 
under identica1 conditions with the Mg2 + concentration 
extrapolated to zero. 
The inhibition o:f creatine kinase by excess ADP.3- w!_ih 
respect to ]2hosph_(2rylcreatine_. 
I:f ADP.3- reacts primarily at a different site on 
the enzyme to that at which PC reacts , it would be 
expected that the inhibition by excess ADPJ-, with respect 
to PC , iould be 0£ the imple, non-competitive type . 
However , it was found that the inhibition did not have a 
simpl character. Plots o:f 1 /v against 1 /PC, at MgADP-
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' . . 
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- 6 - 5 -4 -3 - 2 -1 l 2 3 4 
20 mM 
PC 
Fig . 27. Plot of 1/V against 1/PC, using the average 
V values calculated from the plots in Figo 24, for 
the inhibition of' creatine kinase by ADPJ- with 
respect to MgADP-
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equal to 0.2 mH, for di:f:ferent values o:f ADPJ- are shown 
in Fig. 28, and the calculated values :for the K :for PC, 
m 
the ma..ximwn velocity at saturating levels of PC at each 
concentration o:f ADPJ-, and :for the slope are collected in 
Table 23. Because a plot o:f slope against ADP3- was 
linear (Fig. 29 a, while a plot o:f intercept against ADP3-
( J.i ig. 29b) gave a hyperbo l a, the inhibition may be 
described as intercept-hyperbolic slope-linear non-
competitive (Cleland, 1963). The plot o:f slope against 
ADP3- gave a value o:f 0.75 mM :for the K. o:f ADP3-. For 
1 
the hyperbolic plot, the K. may be obtained by plotting 
J. 
1 /(v. - V') against 1 /i, where V' is the value o:f V when 
1 
the inhibitor concentration, i, is zero (Cleland, 1963)0 
Such a plot is sho,m in Fig . 29c , using a value of V 1 = 
0 . 20 µmoles creatine/µg. o:f creatine kinase/min., obtained 
from Fig . 29b. The K. for ADP3-, determined :from this 
1 
plot, was 0.55 mM . (In calculating K. , the point 1 
corresponding to ADP3- = 0 .125 mM was neglected. This 
point :fell a long way :from the line drawn and ~ould be 
subject to the greatest experimental error, as it is the 
most sensitive to the value o:f v•. ) 
A value :for the K for PC as obtained by plotting 
m 
appare~t K values, for each concentration 0£ ADP3-, 
m 
against ADPJ- concentration (Fig . 30) and extrapolating 
the parabolic curve shoNn to zero concentration o:f ADP3-
to give the value of 4. 5 mM. 
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/ 2.0 mM 
20 //. 1.0 mM 
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./ ~ * • 0 .125 mM 
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·~:-------·--------
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-4 -3 -2 - 1 2 3 4 5 
20 mM 
PC 
.. 
Fig 28 . The inhibition of creatine kinase by ADP3-
-with respect to PC at Mg DP = 0.2 mf. The reaction 
mixtures contained r-ethylmorpholine (pH 8.0) 
( -6 creatin kin se, 0 . 576 µ.g . and EDTA 5 x 10 
O.l M; 
M) as 
well as the indicated amounts of DP3-, PC and MgADP-. 
Total. volume 1 . 0 ml., tenp 30°. Velocity is 
xpressed as µmoles of creatine/µg. of creatine kinase/ 
min . 
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T LE 23 
The inhibition of creatine kinase by DPJ-
~ith resEect to PC 
Calculated values of the maximum velocities (v) at 
saturating concentrations of PC, of the apparent K 
m 
values (K) for PC and o:f the slope (K/v), from the 
pl ts of 1 /v against 1 /PC, :for fixed concentratio s o:f 
ADPJ-, with !igADP- fixed a.t 0 .2 mN. Vis expressed as 
µmoles crea.tine/µg. creatine kinase/min.; K as mlvlo 
Figures in parenthesis are results from another 
xperiment. 
-
ADPJ- K/V (m .. f) V K 
-
0.125 0.181 4.8 (5.1) 26.5 
0.5 0.156 5 4 (5.4) Jl~ ~6 
1.0 0 . 141 7.2 (7 .J) 51.1 
2o0 0.135 10.8 (13 6) 80.0 
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Pieo 29 (a.). Plot of' slope (K/V) against ADPJ- using 
the values calcula ted f'rom the plots :for the 
inhibition by ADPJ- ~~th respect to PC (Fig . 28) . 
(b). Plot of' intercept (1/V) against ADP3-
using the values ca1 cuJ.a ted :from the plots f'or the 
inhibition by ADP3- with respect to PC (Fig . 28) • 
( C) • Plot o:f 1 Jv. - v1) against 1/i , where 1 
i = ADP3- concentration (see text; • 
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TABLE 24 
Summary of' the character of' the inhibitions by excess Mg2 + and !excess ADP3- with respect to 
MgADP- an~ I 
The nomenclature used to describe the type of' inhibition is tha t suggested by Cleland (1963). Ki ( l) = Ki 
(intercept); Ki( 2 ) = Ki (slope). All K values expressed as mN .. 
Inhibitor Substrate Ki(l) Ki(2) Type of' inhibition Form of' rate equ a tion descriptive 
of' the inhibition 
Mg2+ MgADP - 12.8 12.8 Simple linear non-competi t~ve 1 K i )! 1 i - - - (1 + +- (1 + ) V - V Ki(l) s V Ki(2) 
with Ki(l) = Ki(2} 
Mg2+ ! K ( 1 i 1 1 (1 i ) PC 21.1 10.5 Linear non-competitive =v + >s + v + V Ki(l) Ki(2) 
ADP.'.3- - ! K (1 i )! 1 MgADP 0.3 - Linear competitive = +- +-V V Ki s V 
ADP.'.3- Hixed (slo)e-linear; intercept- 1 K (1 i )i 
"!r + b i PC 0.75 0.55 - =v + V Ki(l) ·v Ki (2} hyperbolic non-competit~ve inhibition C + d i 
Ki ( 2) 
where be) ad 
K 
mM 
Fig . 30 0 
10 
5 
1.0 2.0 
ADP 3 - mM 
Plot of apparent K for PC from the 
m 
i hibi tion of er a tine ki ase by ADPJ- \'tl th respect 
to PC ( .0 ig 28) against ADPJ- cone en trati on. 
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The i ion of er ki its 
re ,ion components 
comp'ri o 
report:e in 
et een tl tic21ly dete mi ed vall s 
ch~pter an the t rmodynaruically 
deter ir ed 7 ' 1 s o tain d by Kuby t Mahowald ?nd 
To 1 an n ( 196 2 ) • 
-11 values expressed BS 1. 
Co pone t 
1 2+ 
- g 
PC 
K(kinetic) 
2 - 5 X 10-4 
(2 . 7 X 10-4 )* 
3 . 5 - 10 X 10-5 
( 5 X 10-5 ) 
1 - 2 
3.6 - 5 X 
_.,., 
0 ..., 
_, 
1 x 10 ' 
6 - 7 X 10-5 
pK - 2 
pK - 2 to 3 
r...,lues in p renthesis a e estimates obtaine 
fr m the kinetic st dies reported in 
Chapter VI. 
. . 
• 
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The inhibition by _ DPJ- u~th resy->e ct to PC was more 
complex and no expl?na ti on was readily forthcoming, on 
the b--sis of equilibritun ki e tics, to explain the hyper-
b 1 . t ~ th 1 t ~ . t t . t ADP3-o 1c na ure 0.1. e p o 0.1. 111 ercep a.gains 
concentration ( .cig . 29b). 
The K. values obtained for Mg2 +, as a non-competitive 
1 
i hibi tor with respect to both MgADP- and PC, were greater 
by two orders o:f magnitude than the values reported in 
Chapter IV for K3 • the dissociation constant for the 
i teraction between Mg2 + and the enzyme. Further, it was 
ot possible to reconcile the results with the initial 
1 . ty t· d . t f l-fg
2 + and Mg DP-. ve oc1 equa 1 on expresse in erms o i· 
Thus , the results are inconsistent in part with those 
reported in Chapter IV, insofar as the inhibition 
K K 
experiments indicate that Pathway II (E + M~E} - E:1s) 
does not operate in the fonna ti on of the active EI1S 
complex. 
As the K. for Mg2 + was depend nt on the PC 
1 
concentratio, though not on the MgADP- concentra ion, it 
, c1 s possible to ob t ai n v a 1 u s graphic al 1 y ( F'i g. 18) for 
the IL at z r and at inf'ini te cone en tration of PC. TI1us 
J. 
the i hi bi tion cons t nt ob served unde any particular set 
of conditions would lie somewhere bet ee K., = 12.8 mM, 1 
the velue wh n the PC concentration is zero, and Ki" -
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22 \I, when the enzyme is saturated with C. These 
r sul ts would 2. lso indicate that Mg2 + is 2.cting at two 
sites on the enzyme, on independent to the active site 
and the other such that it influences the bindirg of PC 
to the enzyme. The latter could be due to competition 
2+ between Mg and the creatine moiety of PC for a negative 
site on the enzyme. ( N. B. The variation in the apparent 
K for PC · s contrary to what was reported in Chapter IV, 
m 
but in the latter case the Mg2 + range studied was too 
narrow to have observed any signi~icant variation). 
~actors that could have produced an apparent non-
competitive inhibitio by excess Mg2 + were the formation 
+ 
of"' complexes such as Mg2ADP and NgPC, increased ionic 
strength and inhibition by chloride ion, as Mg2 + was 
added as 1gC12 • While each of these ef:fects was shown to 
be unable singly to account for the inhibition, it is 
possible th~t their cumulative effect could have given 
rise to the experimental observations. However, the 
a1 f I - 2 + t th th 1 . similarity of the K. V' ues or lg o e ermocynamic 
1 
alues reported by Kuby ~ & • (1962) (see Table 25) 
appeared to indicate that there w-s a direct i terection 
with the enzyme , though not necess~rily at the active 
site . It is interesting to not that the studies of 
Kuby et~. (1962) indicated that Mg2 + was bound to four 
sites on er atine kinase, though the enzyme appe red to 
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have only two active sites. 
It is o:f interest to note that the PC concentration 
had little, if any , effect on the K v ... lue obtained for 
m 
Mg.A DP- ( T ble 14). This would validate the orie;inal 
assu.mpti on (Chapter IV) that the cone en tration of PC 
alter d the velocity by a constant factor . It is also 
irdicative of the reaction being r ndom, which type of 
reaction has only been previously demonstrated for 
pyruvate kinase (Reynard tl al ., 1961). 
TI e kinetically determined results, :from this 
chapter, :for the i teracti on of ere a tine kinase wi. th its 
reaction components are compared with the thermodynamic 
values of Kuby !:_! al . (1962) in Table 25 . From the 
generally good agreement between the kinetic and thermo-
dynamic values, the assumption that the enzymic reaction 
obeys equilibrium kinetics appears to be tenable. Kinetic 
values for ADPJ- and MgADP- obtained from Chapter VI have 
also been included in Table 25. 
It is worth drawing particular attention to two 
results recorded in this table. ~'irstly , the K for PC, 
m 
for which values between J~6 and 5 mM were consistently 
obtained: previously reported values have ranged from 
o.8 mM to 16 mN (Kuby tl & , 1954b; Nihei et & , 1961; 
Iiorrison et al ., 1961). Secondly , that Mg.A.DP- binds more 
t l t th h f ADn3- 1· • e. , even 1· .c- 1.,1 ..g2 + s rong y o e enzyme t c:n ree i ; .1. .l'. 
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does not itself' bind to the enzyme, it stillt in e:f :fect, 
:f2cilitates the binding o:f ADP. 
The inl ibi ti on s tu dies were ini ti8 ted to con:firm the 
conclusions drawn in Chapter IV. As pointed out ebove, 
they are not in :fu11 agreement wi. th these conclusions 
insofar as the inhibition experiments indicated that 
Pathway II , via the species, EM, was not operative in the 
formation of the active EMS complex. The original kinetic 
study should have been su:fficient to eliminate any non-
operative pathways and it seemed possible that some error 
occurred in this work. Hence it was decided to repec1t the 
experiments for the reverse reaction taking into account 
the value for the stability constant o:f MgP..DP-, under 
di:ff'ere:c.t conditions, as reported in Chapter II. This is 
described i the next chapter. 
SUllMARY 
The in ibition experiments showed that ADP3- was a 
conpetitiv inhibitor, and Mg2 + a non-competitive inhibitor, 
with respect to Mg DP-, :for the reaction catalysed by 
creatine kinase. Thus it appeared unlikely that EM 
:functioned as 2Il in terme dia te in the fo n 11a ti on o:f the E IS 
complex. 
The experiments also indicc:,ted that the reaction was 
r2ndom and obeyed equilibrium kinetics. 
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CHAPTER VI 
A REASSESSMENT OF THE KINETICS OF THE 
REVERSE REACTION CATALYSED BY CREATINE KINASE 
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C PTh"'R VI 
01 THE KI .:JTICS 01• Tl-r. REVERSE REACTION 
CT .. 
IN11'RODUCTI ON 
The inhibition experiments described ir the 
previous chapter ,;e e consistent in part with the 
conclusions drawn :from Chapter IV, in that thy 
indicated the t DP3- reacts at an active centre of' the 
enzym. However , they also indicated that Ng2 + did not 
react at the active centre , this being contrary to the 
findings from Chapter IV . Thus, it ~~s decid d to 
carry out a reinvestigation o:f the kinetics o:f 
reverse reactio catalysed by creatine kinase. 
the 
This chapter describes the results of the 
reinvestigation of the ki etics of the reverser action . 
In particular, the effect of' PC cone ntretio on the 
values of the various kinetic constants has be n 
de er11in d a d for this purpose the val es for the 
pparent tability constRnt of' MgADP- i the pres nee 
f PC , as r ported in Chapter II , have been used . 
thermore as the r sults in Chapter V were obt:::lined 
ith r actio mixtur s which cont ined EDT , this reagent 
bei g absent from the xperiments d scribed in Chapter IV, 
experiments were carried out Ti th and with u t EDTA , to 
see if this affec ed the res lts 
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THEORY 
Tbe general velocity equation , in terms of 
er (ADP3-) and µ ( Ig2 +) , may be written as 
ke 
V - + + Klf. 
er 
+ l 
Allowing for the i 1teracti on of' PC with the enzyme 
ke 
V - tl + K7_ HK1K2 K2 K4 l i + + + -(PC] erµ µ :.s-
111 
(1) 
(2) 
where K7 is the 
equilibrium constant for the reaction 
E + 
In the inverse form 
l K2 l f~ 
= -
' 
ke • µ l V er 
wheres l 
-V 
PC 
+ 1} 
l f 1 t 
V 
E 
+ 
+ 
1 
ke 
PC 
+ 1 (3) 
(4) 
Thus a plot of' 1 /v' against 1 /µ should be liriear , for er 
held constant at 
where 
and 
V 
K, 
~ 
', with intercepts at 1 /V, and 1 /K , , 
er er 
ke 
- K4 1 + (5) 
er ' 
-
KlK2 
+ K2 
er ' 
( 6) 
K4 + 1 
a- ' 
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Rearranging eq ~tion ( 5) gives 
1 
V ' (j" 
1 
<r' • 
+ 
1 
ke 
112 . 
(7) 
so that a plot o:f 1 /v, against 1 /i:r' gives a straight line 
er 
with intercept - 1 /K4 on the x -exis . 
Rearranging equation (6) gives 
+ 1) ( 8 I 
so that a plot o:f 
int rcepts K2 and 
K 
' 
{ 1{4/~t + ) l;  1 ageir~t ~, gives 
er 
-
1 /K1 on they- and x - axis respectively . 
. . 
' , 
• ~ .. 
.. 
. . ' 
:. . 
. 
...• 
1 
• 
I , 
Thus all the constants can be calculated :from the ~ 
relationshi p , 
K5 
K3 
having been 
If' 
- 00 t 
Ng2+ 
Klt -
1 
-, 
V 
-
previously determined. 
does not react with 
o, and 
-
equation (3) 
! ) .! 
µ l (j 
the 
may 
+ 
enzyme, then 
be expressed 
1 
ke 
as 
(9) 
Plots o:f 1 /v~ against 1 /µ, for various fixed values of'~ , 
should give a family of straight lines , intersecting at 
the same point , V , on the y-Rxis and at - 1 / Ka- on the 
x-ax s, where 
- + (10) 
Then a plot of K ag inst 1 ~ should give a straight li e 
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cutting they- and x-axis at K5K6/ 1 a1d - l/K1 
respectively. Thus all the constc111ts can be calculated 
from 
MATERI LS A1ffi METHODS 
A solution of PC was stirred with Chelex 100 
(200-400 mesh, Na+ :form) resin to remove trace netals, 
the resin filtered o:f:f and the PC recrystallised :from 
80% ethanol. ADP (2 x 10-2 M) was also treated with 
Chelex and the resultant solution standardised at 259 mµ. 
All enzymic assays were carried out in the presence 
-6 
o:f 5 x 10 M EDT.A, unless indicated otherwise. This 
level o:f EDTA would have a negligible effect on the 
concentration o:f :free Mg2 +. Otherwise the experimental 
condition were as described in Chapter IV . 
The amounts o:f Mg and ADP to be added to give the 
required concentrations o:f :free Mg2 + and :fr e ADP3- were 
-1 
calculated using the values o:f J , 300, J,600 and J,800 M 
(K5 = 0 • .30, 0.28 and 0 . 26.5 mM) :for tbe stability constant 
of MgADP- at PC concentrations o:f 20, 10 a nd .5 mM 
respectively. All r actions wer carried out at t -o 
3 1 
time periods (usually 4 and 12 minutes) to ensure that 
initial v lo ities were being measured . 
The lines o:f best :fit :for the double reciprocal 
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plots were drawn .1Sing values of maximrnn velocity and 
appare .. t K calculated by Uilkinsonts (1961) method. 
m 
RE...,ULTS 
Tbe activation of creatine kinase by Hg2 in relation 
1 1 2+ Plots of' /v ag~ins t g , corresponding to 
equation (3), at various f'ixed concentrations of' ADP3-, 
are shown in Fig . 31 for three concentrations of PC. 
The calculated values :for the maximum velocity (V '} 
and apparent Km f'or Mg2 + (K"'°') at each co centration 
of' ADPJ-, are collected in Table 26 a 
It is seen that there is a definite trend in the 
Ka-' values, K~' increasing with decreasing ADPJ-
concentrati on, but that the V~' values cut either on or 
near the same point on the y-axis. Thus the results 
appear to fit the conditions for equation (9) , implyi1g 
th n t "'·1g2 + d t t ' th th a ~ oes no reac w.i. e e zyme . 
2 l; ' In Fig 3, K~' has been plotted against , 
corresponding to equation (10) . 1his gave values for 
K5K6 , and the value for K5 , the constants K2 
and K6 could be calculated. These values ere collected 
in Table 27 The constants appear to follow a trend , 
K1 incre sing and K2 d creasing with increasing PC 
co centration. Ho~ever , it is doubtful if this is 
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Fig. Jl. E:f:fect of' the concentration o:f Mg;!+ on 
t he initi a l velocity o:f the reverse reaction 
catal.ysed by creatirie kinase, at various :fixed 
concentrations of' ADP3-, :for different 
concentra tions o:f PC. The concentrations of' 
Mg
2
+ and ADP.3- were adjusted by varying the 
total cone en trations of' ADP and Mg2 +, with 
-1 6 -1 -1 values of' 3, JOO M 1 3, 00 :f'.·I and 3,800 M f'or 
the stability constant of' MgADP- at PC equal to 
20, 10 and 5 mM respectively. The reaction 
mixtures contained N-ethylmorpholine (pH s . o) , 
O.l M; crea. tine kinase, Os576 µg . and EDTA 
(5 x 1 0 - 6 M) as well a s the indicated. amounts of' 
2 + 3-
Mg , ADP an d P C. Total volwne, 1. 0 ml . ; 
temp . 30°. Velocity is expressed as µmoles of' 
c r e a ti n e/µg. of' creatine kinase/min . 
PC • 20 mM 
- .. 
PC • 10 mM 
30 
-5 
PC •5 mM 
30 
V 
20 
2 
-'x 10-' 
Mg2 + 
3 
4x10" 
Mg2+ 
M 
.. 
M 
ADP3-
0 .066 mM 
0 .1 mM 
0 .2 mM 
ADP3-
0 .066 mM 
0 .1 mM 
02 mM 
0-' mM 
5 
ADP3-
// 
0 .066 mM 
0.1 mM 
/>·/ 
.,:,/·/0 0.2 mM 
.j ,/·/ O.<I mM :~~~ ......... ~ 
2 3 .. 5 6 
4x 10 4 M 
Mg 2• 
. . 
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TABLE 26 
Variation of K , 'nd V , with PC concentration 
er ~ 
Values of K I and V, calculated from the plots in Fig . Jl 3'" ~ 
0£ 1/v agcinst 1 /Mg2 + at various fixed concentrations 
of DPJ-. V expressed as µmoles creatine/µg. of creatine 
kinase/min.; K as mM. 
DPJ- PC 
-
5 mM I PC - 10 md PC - 20 mM (mA) 
K 
Cl" t 
v, K 
\j'"' V t K Cf' 
V 
er cl'"' <r 
Ooq o.o8J 0 .108 o. os2 0.137 
- -
0 .2 0 .124 0 .115 0 . 136 0.1.52 0.119 0.163 
0.1 0 .171 0.099 0.176 0.1J7 0.198 0.152 
0.066 0.187 0 . 086 0.230 0.139 0.272 o. 50 
I 
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Fig J2. 
PC = 20 mM 
0 2 
K 
0 .3 
PC = 10 mM 
0 .2 
K 
0 .1 
0 3 
PC = 5 mM 
K 
- 3 - 2 - 1 
• 
• 
~· 
~· 
~-
~-
- 4 4xl0 M 
ADP 3 -
Plot of the calculated v&lues of K , again.st 
er 
the reci9roc-l of the concentr t·ons of ADPJ- {Eqn. lO) . 
1; . 1; 2+ K t v lue s obtained from the plots of v against dg 
<l" 
at vario s fixed concentrations of 
.. 
• I 
l 
• 
" 
... 
• 
I 
•' 
. ' 
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T .BLE 22 
Summary of the d'ssociation constants 
obtc>ined if' 'Mg2 + is assumed not to react 
with the enz)'.,ne 
Constants calculated fro plots of K, against 1 / P3-
cr 
(Fig. 32) and the relationship K1K2 = K5K6 • All values 
expressed in terms of M x 104 • 
PC 
-
5 mM PC 
-
10 mM PC - 20 mM 
K5 2 65 208 J.O 
Kl 1.7 2 8 J.8 
K2 I o.6 0.5 o.4 
K6 o.4 I 0.5 0.5 
.. 
.. 
' 
. 
. 
~ ' 
I\ 
:. . 
~ I I I ' 
r 
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ig if· c nt , as only four points at C = .5 and lO mM, 
and thr points at PC= 20 mli were used in p lotting 
K ' <f' agai 
l 
st / {>, nd the experimental error '18S laree • 
.At both .5 Iru1 and 20 mM concentrations of PC there 
appeared to be a slight trend in the Ver' values. Thus, 
in these cases it was possible to obtain values for all 
the constants, using 
(Eqn . 7) , and o:f Ka-' 
plots of 1 / V, against 
<:r 
K4 1 (--;- + 1) against /~' 
1T 
(Eqn 8) 
(Table 28) . Again these v2lues, especially :for K3 and 
K4 , would be subject to large experimentetl error. Such 
calculations were not possihle with the results obtained 
at PC = 10 mM , as the variation in the Ver' values ~as 
random . 
A plot of the reciprocal of the m~xi1um velocity 
at ach concentration of PC, against the reciprocal of 
the PC concentration , according to equation (4) is shown 
in Fig . 33 . This plot gave a va.l"l1e of 4 rnM f'or the K 
for Pr. , vhile the maximu vel.oci ty ,,ras :found to be 
0 . 20 µmoles creatine/µ 0 0 o~ cr~atine kinase/min. (16,200 
moles/mi.n . /mole of enzyn ) at pH 8.0, with the enzyme 
saturated i th ADp-'3- , dg2 + and PC. 
It was possible to plot the data show1'1 in Jl 
l ; . as v aga1ns I 3-J DP , at if:ferent fixed concentrations 
of Mg2 + . In this case values w re obt i ed f'or all the 
dissociation co stants (Table 29a). 
. 
; . 
• , 
1 
• 
,. 
•' 
. ' 
. . . 
.. 
• 
T.ABLE 28 
Summ rx of the dissociation consta1ts 
using in ividual values of V , 
a-
Const nts c~lculated from plots of l;v 
G" t 
against 1 / , 
K4 G"" 
1) against 1 / a-' and of K , (- + J using the V'lues 
er er' 
(Table 26) cal culci te d :from the plots of 1 /v against 
1 /Mg2+ at various fixed Vc.lues of ADPJ- (Fig . Jl). 
4 1 values expressed in terms o:f M x 10. 
PC 
= 5 mN _ __j_ __ p_c_-_2_o_rru-_f __ 
2.65 3.0 
Kl 2. 5 J.8 
K2 0 .0 6 o.4 
K3 10 >Jo 
K4 0 . 2 I ( 0 . 05 
K6 0 . 7 I 0.5 
, 
. . 
.. 
.. 
,. 
. . 
. ,· .. 
•' 
/ .. ~ . 
. 
. . . 
.. 
. '· 
, 
•, . 
• , 
• 
-5 -4 - 3 - 2 -1 
10 
1 
20 mM 
PC 
3 4 
.. '."\. 33 
.t11g . • Plot of' the reciprocal of' the maximtun velocity 
at each PC concentr' ion, from the data in Table 26, 
against the reciprocal of the IC concent ati n. 
(The average value of' V was used with PC= 10 mM. 
<r 
At PC = 5 and 20 mi· the V~, values ob tai d by 
extrapolating to saturating cone ntr""tions f' fJ) 3-
we:17 used, . 
.. 
. 
. ' 
,. 
,, 
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1 
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1 
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Summary o:f the dissociation cons tan ts leadi !B: 
t o the formation o:f an active EMS compl x 
( a Val ues obtained from the data sbown in Fig . 31 , rith 
1/v p l otted against 1 / AD J- at di:f:ferent fixed 
co n centrations of M 2+ g • 11 K values expressed in terms 
o:f M x 104 1> 
PC = 5 mM PC = 10 mM PC = 20 
Kl 1 . 0 1 . 5 2 o0 
K2 o. 8 o.s o. 8 
K3 1 08 7 . 8 5. 7 
\.4 o. 45 0 . 2 o.J 
K6 o. J o.4 0 . 5 
(b) Values calculated :from the plots o:f 1 / v against 
1 /,A.DP.3- :for various fixed values o:f Mg2 + (l1ig • .34), 
using the vµ , nd Kµ , values recorded i Table JO . 
Estimates of the di.ssociati on constants obtained from 
mM 
the s ame data by plotting 1 / v against 1 /Mg2 + for various 
f ixed values o:f ADPJ-, are also included . 11 K values 
expressed in terms of M x 10 4 • PC = 10 mM . 
1 / v against 1 / ADP'J- 1 / v gainst 1 / ~g 2+ 
K 1 1 . 98 2 . 4 
K2 0 . 75 o.6 
K'J 7 . 0 9 . 6 
K4 0 . 2 0 . 15 
K6 0 • .5 I 0 • .5 
. 
. . 
. 
. ' 
" 
,, 
1 
.. 
• • • 1. 
•' 
.. • I 
• 
. . . 
.. 
I, 
• 
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A :further exp riment was carried out, at PC = 10 mJ\, 
2 
with Mg held constant at vario s concentr tions, this 
being the procedure originally adopted i Chapter IV. 
Plots o:f 1 /v against 1 / ADPJ- are shown in :F'ig. J4 and 
the calculated v~lues of' Kµ, and vµ, are collected in 
1; . l; 2+ Table JO . Plots of' Vµ, aga1ns t Mg and o:f the 
K2 1/ 2+ f'unc tion Kµ, (µ t + 1) against Mg are sho vn in 
1
·g. J5a and J5b respectively. Because it was ev'dei t 
from these plots that rea1 values could be assigned to 
KJ and K4 , the results shown in Table JO have been 
obtained by the fine adjustment techniqu described by 
Wilkinson (1961) and the standard errors are included. 
Th estimat s o:f the di ssoci ati on cons tan ts obtained are 
s om in Table 29b . 
1 1 / v p otti g against 
This same data was also treated by 
/1Ig2 + at various fixed concentrations 
of AD JJ- and the dissociation. constants obtained using 
this plot are included in Table 29bo 
If I' 4 = 0 and KJ 
expected that the plot 
= co, then it would have been 
K2 1 
of Kµ, (µ + 1) against /µ 1 
( ;1g . J5b) would have gone through the origi • This 
would appear to be unlikely thouc-h it is possible that 
tl e deviation of Kl~ :from zero is · thin the standard 
error. The evaluation of the standard error for this 
plot and o:f the probability that the line drawn could 
' 
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40 
30 
20 
V 
-7 -6 -5 -4 -3 -2 -1 2 3 4 
-4 
4x10 M 
ADPJ-
5 
0 .066 mM 
0.1 mM 
0 .13 mM 
0 .2 mM 
0 .4 mM 
6 
Fig . 34 . E:ff'e ct of the concent "ati on o:f ADPJ- on the 
ini tic 1 velocity o:f the reverse reaction, at various 
2+ fix d cone en trations o:f r. g , for PC = 10 mM. Conditions 
identi ~i o those :for Fie. Jl. Velocity is expressed 
as µmoles crea ,ine/µg creatine kinase/mino 
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Summary of' vµ , and Kµ, values 
Values calculated from the plots of 1 /v agai1st 1 /AD 3-
at different fixed va ues of Mg2 + (Fig. 34. V v alues 
expressed as µmoles creatine/p.g . ere-- tine kinase/min.; 
K values as mM . 
µ , vµ, Kµ , 
{mN) 
o.4 0 .153 .± 0 . 009 0 . 0591 + 0 . 0103 
-
0 . 2 0 .126.3 + 0 . 0151 0 0693 + O 0264 
- -
0 . 1.3 0 .1083 + 0 . 0353 0 00838 + o. ooso 
- -
0 . 1 0 . 0967 0 . 0045 0.0873 + 0 . 0114 
-
0 . 066 + + 0 . 0839 
-
0 . 0045 0 . 1113 
-
0 . 0149 
0 05 0 00773 + 0 . 0028 0 . 1.329 + 0 . 0111 
- -
.. 
,. 
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' ' I
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15 
V • f 10 
-6 -5 -4 -3 -2 -1 
3 
2 
-2 - 1 
.--
·--· .--
._____-;. 
-----
5 
-4 
4xl0 M 
2+ Mg 
.............. 
~· 
~-
,............... 
,..............  
• 
2 3 4 5 6 7 8 
-4 4xl0 M 
Mg 2+ 
1ig . J5 (a) . Plot of the reciprocals 0£ the maximum 
velocities obtair~d in the presenc of fixed amounts 
2+ 3 of Mg and saturating amounts of' AD-· - (Fig . J4, 
Table 30) against tbe r ciprocals of the Mg2 + concentrations. 
Maximum velocities expressed as µmoles creatine/µg ,, 
ere tie ki ase/min. 
(b) . Plot of the c2lculated values of Kµ, 
+ 1) .gains t the reciprocals of the Hg2 + 
concentrations 
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pass th.rough the origin has not been attempted as this 
would have been very time conslmi g rofissor P .A. 
Nor an of the Department of Statisti s, Australian 
National University, has expressed the opinion that the 
probability o:f the plot shown in Fig. J5b passing through 
the origin would be very low, though it would be possible 
:for K4 to be lower, 8nd hence K3 higher, than the values 
obtained. 
The effect of omitting EDTA on the activation of creatine 
kinase by Mg2 + in relation to DPJ-o 
The only experimental difference between the results 
report d in this chapter and those recorded in Chapter IV 
was that the :former ~ere carried out in the presence of' 
ETA and the PC and ADP had been pre-treated with Chelex 
resin. An experiment identical to that in Fig. Jl, at 
PC = 10 mM, was carriect out with EDTA omitted from the 
reaction mixtures. 
l l; 2+ Plots o:f / v against Mg are shown in Fig. J6. 
It is see that the lines of best :fit cut on then gative 
side of the y - axis. The scatt r was much great .r than in 
the presence of EDTA nd the lin arity a s not as good. 
The results obtained at ADP3- = 0 066 mM iere n t 
satisfactory and only the first two points were used in 
estimating K I B d V 1 (dotted line in B1g. 36). Thus, it Cl" 
appeared that the Chelex tr atment of PC and ADP was 
' . 
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30 
20 
-V 
-A -3 -2 -1 
Fig . 36 . Ef'fect of' the 
iritial velocity of the 
fixed concentrations of 
2 3 4 
- 4 4 xlO M 
Mg 2+ 
concentration of' 
reverse re actio 
ADP3-, i'or PC 
-
' 
ADP 3· 
0.066 mM 
O.lmM 
0 .2 mM 
0 .4mM 
Mg2+ on the 
at verio11s 
10 mN. Conditions 
the scllne as for J.i'ig . 31 excep t that EDTA w(".s not included. 
Velocities expressed as µmoles creatine/µg . creatine 
<:inase/min . 
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insufficient to eliminate the time dependent deterior'tio 
of the enzyme • 
Secondary and tert · ry plots were made to determine 
the dissociation constants and the values obtained are 
collect din Table 31. 
DISCUSSION 
In general, the results reported in this chapter are 
consistent with those obtained in Chapter IV using the 
-1 
value of 4,150 M for th stability constant of MgADP- and 
taking into account the trend in the Kµ, values. 
-1 almost certain that the value o:f 1,000 M :for the 
It is 
stabili "b.f constant of Hg.ADP-, under the experimental 
conditions, is i 1.correct and thus the results obtained 
using this constant should be discount d. Further, the 
trend in Kµ, with 1 ( or K I with er') has b .. en confirmed ~ 
8nd it has been seen that jt is esRentia1 to use the 
individual K va1ues :for the tertiary plots {e.go, Eqno 8). 
The values determined :for K3 , the constant for the 
2+ int ract· on between the enzyme and JI. g , w re suaJ.ly 
lower than the values found :from the inl ibi tion exp riments. 
The latt r had given P- K. :for fg2 + as being between 10 and 
1 
20 mM . This is not signi:ficantly diff'ere 1t from the 
value of infinity , which ould be obtained from the plots 
:f 1 ; • t l / 1vf· g2 + ' T'\ ' Jl b t o v agains 1 in .t•ig. , u is considerably 
higher than th other values reported in this chapter. 
Particul r attention is brought to the f inding 
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TAB Jl 
Summary of the dis so · a tion co st ants 
obtained in the absence of EDTA 
on tants cclculated from the plots of' 1 /v agaie.st 
1 /Mg2 +, in the absence of ~DTA (Fig. J6) . All K vo.lues 
expressed in te1ms of' lI X 104 PC 
-
10 mM . 
Kl 4.o 
K2 o. 6 
K3 7 . 0 
K4 0 . 36 
K6 0 . 9 
1. 
•' 
• I 
. . 
.. 
'· 
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that a particular set of data could giv sligbtly 
differe t values o:f the dissociation constants accordiL g 
o how the plots were carried out . Thus, the assumption 
that KJ = oo ( end hence K4 = 0) 
l; . 1/ 2+ the plots of v e.gainst Mg 
appeared to be valid for 
(Fig. 31) . Certainly 
fo the data obtained ri th PC = 10 mM, ef:fecti vely the 
same value of the maximum velocity was obtained t each 
fixed concentration of' ADP.3-. At tl e other cone en trations 
(5 and 20 mM) of PC used, there appeared to be a slig t 
tr nd in the maximum velocities, though this trend would 
be b8rely outside the standard error When the same 
data was plotted as 1 /v aga:i.ns t 1 /PDPJ- 1 definite values 
~ere obtained for both K.3 and K4 ( 'l'able 29). This is 
also demonstrated in the direct plot of 1 /v against 
1 /ADP3- (fig. J4) . However, it is clear from the plot 
K2 1 
of Kµ, Cµ + 1) ag i st / µr (Fig . 35 ) that a relatively 
small variation in o 1e o:f the experimental. parameters would 
be sufficient to co sider bly reduce K4 (and hence incre se 
K3 ), possibly to such an extent as to mak it 
indistinguishable from zero and K3 i distinguishable from 
infinity. An estimate of the overall standard error for 
the alue of K4 was considered too tedious to be undertaken 
in the time available. As noted above, and in Chapter IV, 
the values obtained for the dissoci'" tion constants are 
sensitive to the magnitude of the stability constant used 
I• 
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.• 
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.. 
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:for MgADP- and it is possible that e relatively small 
error in this quantity could be responsible for the 
experimental results indicating real values of K3 or K4 , 
or vice versa. For example, a discrepancy in the value 
of K5 could either be responsible :for such a trend as is 
shown in Fig . Jla and :F'ig. 31c, or :for eliminating a 
possible trend to give the results observed in Fig. Jlb. 
If the v lues :for K3 and K4 are real, then the 
results shown in Table 29 indicate that the presence of' 
Mg2 + on the enzyme would appreciably e:f:fect the binding 
o:f ADPJ- (K1 ) K4 ) , while the presence o:f ADP3- on the 
enzyme , ould have a similar ef:fect on the binding of' 
The values obtai ed :for K1 and K6 were in reasonable 
agreement with the equilibri'lun values obtained by Kuby, 
:I howald and Noltmann (1962). Thus, :for the interactio 
be tween ADP3- and the enzyme, the vaJ.ues o:f K1 reported 
in thl.s chapter ranged :fr m l o7 - 4 x lo-4 M, while Yuby 
.tl tl • ( 1962) obtained an quilibri 1.m1 value of' 1 x 10-l~ M. 
For g DP-, the kineticP11y 
- 4 between O 4 - 0.7 x 10 M, 
_, ...
a value of o. 6 - 0.7 x 10 
de tenn ined value , I 6 t lay 
Kuby et al . (1962) reporting 
-
M. 
1:.ina11y, it is worth noting th'"t the use o:f EDTA 
increased the experimental precision but did not 
qualitatively alter tl e interpretation o:f the x perirnentcl 
res lts. 
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SUMMAJ Y 
A re s sessme t of the 1-inetics of' the rev rse 
reaction catalysed by creatine kinase, using the values 
-for the stabil:i ty constant of' Mg P as reported in 
Chapter II and including lo 11 concentrations of' EDTA , 
has been carried out. The results, in general, were 
consistent · th a ,1eak interaction bet reen the me t2.l ion 
and the enzyn1e, though in some experiments this inter-
action cold be interpreted as being negligible . 
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THE KINETICS OF THE FORWARD REACTION 
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The res1 ts rep rted in this ch pter must be 
r garded os being preliminary . While it was hoped to 
carry ut an extensive study o:f the reaction in the 
forward direction, this has not been possible within the 
time available. Nevertheless, it is o:f interest to 
compar the results obtained so far vith those previo,.1sly 
r port d from studies of' the reverse reaction. 
If, as the results in Chapter IV indicated, the 
formation of' an active EMS complex , in the r verse 
rea tion could occur by the thr e possible pathvays 
postulated, then it might be expect that a study under 
similar conditions of' the reaction in the direction 
ATP + creatine ) ADP + phosphorylcreatine 
would yield similar results. This being so , it NOUld be 
expected that the value obtained for the clissoci tion 
constant of' an enzyme-metal complex , ould be the same 
as that det rrnined from the reverse reaction studies . 
Two sets of' results, both stu lied at t vo pH values, 
carried out tnder slichtly different experimental 
con i ti o s, ar d s crib d I ge ral, thee exp rime ts 
•, 
.. 
•' 
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.. 
,. 
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were consistent with the f'onna io1. of .l?jMS by all three 
pathways, though one experiment could be int r .)reted as 
· ct· t· th t Mg2 + di'd not t 'th th in 1ca 1ng r r ac wi e e zyme. 
THEORY 
The sar,1e theoretical treatment as was elaborated 
in Chapt rs IV and VI has been applied. The same 
symbols are also used, except that in this chapter the 
symbol, er, re:fers to the concentration o:f :fr e 
4-nucleotide, ATP • 
MATERIALS 
Creatine hydrate (British rug Houses Laboratory 
T(eagent) was twice recrystallised from water. The 
product wa washed with ethanol and ether, dried i1 air 
and 8na1ysed as creatine.1120• (Found: N, 28.J; ~O, 
12 . 4: th ory £or creatine.H20: N, 28.2; ~O, 12.1%). 
Otler materials were as described in Chapters II 
and III 
:!ETHODS 
ATP as passed through a Chele r sin t remove 
trace metal and standardised immediately be:fore 1se . 
Phosphorylcreatin was estimated as inorganic 
phosphate by a slight modification of the method 
desc ibed y Kuby et al. (1954a). To 1.0 ml. f the 
--
recc ion mixture as added 0.9 ml. o:f acid molybdate 
solution (o 5 ml. o:f 5~~ (P/v) ammonium molybdate and 
. 
I 
.. 
. . 
. ' .. 
. 
I' 
• 
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0.4 ml. of 60,o (v/v) perchloric acid) end 0.3 ml. of 
1% (w/v) ascorbic acid solution. The volume was made 
to J.O ml . and the optical. densi~y of the resulting blue 
solution d termined at 750 mµ on a Shimadzu (QR-50) 
spectrophotometer after exactly JO min. Under these 
conditions, the C was tot~lly hydrolysed and O.l µmole 
of PC gave an optical density of 0 . 150 when measured in 
a 1 cm. cell. Alternatively, for reactions carried out 
in 2.0 ml. of solution , the reaction was stopped by 
0.7 ml . of acid-molybdate solution to give the same 
final concentration of arrnnonium molybdate and perchloric 
acid as above , O. J ml . of 1% ascorbic acid added and the 
solutions read at 750 mµ after 30 min. 
Enzymic ctivity was determined at J0° in J ml. 
graduated tubes and the reaction mixture for the early 
experiments contained triethanolamine buf'fer ( 0 . 1 .. I), 
er a tine ( 0 . 01 H) and various amounts of' TP r:-nd HgCl
2 
o 
In later experiments, the volume of' the reaction mjxture 
as increased to 2 . 0 ml ., the creati ne cone ntration to 
0 02 Mand , in addition , the solutions contained EDTA 
( 5 x 10-6 1) . _ fter equilibrfltion for 3 min., the 
re action was st ru. ted by the addition o:f O. 02 n l. of' 
e zyr1e solution, equival nt to 2 - 3 µg. of' protein. 
the end of' the incubation period (! to if mi11.) the 
reaction was stopped by the addition of' acid-molybdate 
. ' 
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oluti on and th PC e tin, ted as de scribed above. J 
blank cont' i nir..g 1 cons ti tuen ts except enzyme wa ru.11 
uith each stimation in rder to allow :for 2cid 
hydrolysis o:f ATP. 
Experinental poir ts are sb own in all graphs unless 
other ise indicated , but the lines have been dra.'\I 
V and K values calculated by Wilkinson's (1961) 
t sing 
s tatistic a1 method. In some cases the data have been 
subjected to the :fine adjustn ent described by ,~ilkinson 
(1961) end the standard errors have been i eluded. 
RESULTS 
In the studies reported in the previous chapters, 
the pH and ionic strength of the reaction mixtures were 
mait tained by :rr-ethylmorpholine, which does not complex 
with divalent metal ions. s this buf:fer in terferecl with 
the estimation o:f phosphate, trietha:iolcmine wes 
substitLt d :for the experim nts reported below. The 
ability of this buffer to comple:- d. th Ig2 + was 
consider cl to b ~ negligible ( see Chapter II) . The 
2-stabili y constant of MgATP , as repo. ted in Chapter II, 
-1 
IV s 70 000 f (K5 = 0 Ol4mM) under the experi en al 
~o di ti ons and this value was 1Sed to dete rnir e th 
concentrations o:f total Mg end tota ATP requir ~d to 
maintai Mg2 + end PTP4- e.t pr -de term; rie lev ls 
Two s ts o:f exnerim nts carried ut under slig-htl.y 
'. 
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,, 
.. 
1. 
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diff'eren t conditions t ·e reported . T ose exp rim nts 
reported in S ction I iere carried out t pH 8 . 0 and 
pH 8. 55 with the creat·ne concentr~tio at 0.01 1 For 
th experiments described in Section II , the crec?tine 
cone en tration was increased to O. 02 M and EDTA was 
included in the reaction mixtures. The e :ff e ct o:f 
including EDTA Nas to slightly i er ase both the activity 
o:f the enzy11e a .Ld the linearity o.f the reaction, though 
its effect was much less profound than had been observed 
:for the reverse reac ion, presumably because ATP was a 
better ch lator of trac metals than ADP . Its presence 
also served as a safeguard against the inadvertent 
introduction o:f contaminant metal inhibitors . 
SECT.IO I. 
The activation of er a tine kinase by Mg2 + in relation 
to ATP4- at pH 8.o. 
Tb e:f.fect o:f th concentration of' TP4- ( ) on 
the velocity of the reaction at pH 8 . 0 and ct various 
fixed concen ration~ of' Mg2 + (µ) is sho,n (Pig . 37) 
as a double reciprocal pl t . The calculeted values of 
K1_ and V µ are collected in Tabl 32 . The concentration 
Of ""Ig2 + h 1 al ~ appears to eve on ya sm 1 nd perhaps 
negligible effect on the magnitude of Kµ, over the range 
studied 
A tr ight line ~as obtained when 1 /µ' was plotted 
,, 
,· 
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Fig . 37 • 
80 A 
/ 
1 60 /·~· 
~- 6 V ~ ·~ 
40 .. --;:;::-. --15. • 
·--!::, ----·----!::, ----· • 
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2 x1 o-• M 
AT p•-
4-E:ffect of' the concentration of ATP on the 
initial velocity of the reaction at various fixed values 
2+ 4- 2+ 
:f ·1g • The concentrations of' J P and Mg were 
adjust d by varying the total concentrations of' TP and 
Mg2 + using a value of' 70 ~000 M-l :for the stability 
2-
constant of' Mg TP • The reaction mixtures contained 
_? 
trie tl anolamine ( pH 8. 0) , 0 .1 M; ere a tine , 10 -M, and 
enzyme , 3 µg ., as well as the indicated amounts of' 11g2 + 
and ATP4-. Total vollllile, 1 . 0 ml . ; temper~tur J0°. 
Velocity is e pressed as µmol .... s o:f phosphorylcreatine 
f'ormed/µg. o:f enzyme/min. a - II , Cg2 +, 2 x 10- 4 M; 
2 - 4 a 
t Mg 1 x 10 M; ~ 
--- ' 
2+ 
.1.lg , 
-X 10 .A. .A. 2 + M, ~ ~~ ~ , Mg , 0.5 x o .66 10-4 '1\1 i· • 
' . 
'I. 
. ·' 
. . . 
.. 
,. 
,. 
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TABLE 32 
Values calculated fro the plots of 1 /v aga~~ 
.:,LATP4- at various fixed levels of I1g2 + (µ 1 l 
( Fie ~ 37) 
4 
11 K values are expressed in terms o:f M x 10 , while 
those for vµ, are given in arbitrary units,, 
2 Mg K5 0.14 ntration -cone 
(µt) 
Kµ, vµ, 
Exp. 1 Exp. 2 Exp . 1 Exp . 2 
2 . 0 0 47.:to.03 o.43.:to.04 2.70±0.08 2.28±0.11 
1 . 0 0.50±0.09 0.39±0.22 2.03.±0.14 11>78.±0.40 
o. 66 0.57.:to.10 0.61±0.06 1.88.±0.16 1.81±0.09 
0 . 50 0.59.±0 907 o.46.±0.06 1 73±0 .10 1.33±0.08 
verage value 
of Kµ, 0.53 0.52 
'• 
,, 
,· 
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1 ( agai TlS t /v µ, J:.'ig . 38 a) and th va e for K was 2 
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calculated to be 0 .54 ± O 08 x 10-4 M. The dupl · cate 
experim nt in 4 + -4 Table 32 gave K2 et o. 8 - 0.10 x 10 M. 
Because of the possibility that the effect of the rg2 + 
concentration on the Kµ , values might have been real., 
value tor K4 and K4/K K2 were determined f'rom lots of 
1 /µ • agairst Kµ, (K2 + 1 ), for which both the average µ , 
and individual values of Kµ, were used (Fig . 38b). The 
dissociation conste 1ts obtairea are collected in Table JJ. 
J.ctivati0n of creatine kinase by Mg2 + in relation to 
ATP4- at pH 8.55. 
Identical kinetic experiments gere carried out at 
pH 8.55. Because the velocity of the reaction is much 
faster and the equilibrium more favourable at this pH 
than at pH 8.o, it was possible to determine the initial 
rates with greater accuracy . 
l; l ; 4-Plots of v against i\.TP for diff'erent values 
0 ..(:0 free 11·Ig2 + ( •, ' ) ,._ · I · J 9 d th 1 1 t d i i· t+ ere s11own in . 1g . a~ e ca cu a e 
values of Kµ and V µ 1 in Table J4 , together ·with the 
r sults of a duplicate e.perirnent . I n contrast to the 
results obtained at pH 8 o, the Kµ, values tend to 
increase 1ith decreasing free Mg2+ concentr tion. The 
va ue s obtained for the dis soci a ti on cons tan ts vere 
calcul ted 1 sing the indivldual value s of Kµ 
included i Tab1. 33 
and are 
. 
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AO 
20 
-A -3 -2 - 1 
KJ K2 + 1] 
, lf' 1 
- .. - 3 - 2 -1 
.---· 
·----.----
2 X 10- A M 
Mg 2+ 
2 3 
-------· 
·---· 
2 X 10-A M 
Mg2+ 
2 3 
'f:i'ig o JS(a) . Plot of tle reciproccils o:f the maximal 
velocities obtained in the presence of' :fix d amounts of' 
1o.1g2+ 4-~ and saturciting cimounts o:f ATP , against the 
r e ciproc ls of' the concentrations of' Hg
2
+. Maximum 
velocity values ~ere obtained from the plot shown in 
Fig. J7 and are expressed as µmoles of' phosphorylcreatine 
f'ormed/µg . of enzyme/ in. 
(b) . Plot o:f the cal cu l ted v alues for 
(K2 / µ + 1) against the eciprocals of' the concent ations 
of' Ng2 
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TABLE JJ 
Summary, from the experim nts described in Section I, 
o:f the dissociation constants :for the various 
reacti ous leading to the formc tion o:f the 
activ enzyme-metAl-substrate complex 
11 values are expressed in terms of M x 104 • 
Dissociation 
cons tan ts pH 8.0 
(a) (b) (c) (d) 
Kl 0.53 .52 0.63 0.71 
K2 0 . 54 Oo48 0.54 0 51 
KJ 0.54 o.48 0.79 1.00 
K4 0 . 53 0 . 52 o.4J 0.36 
K6 2.04 1 . 78 2.4J 2.57 
pH 8 . 55 
1 . 51 
oJl 
1.22 
0.38 
J.28 
The values sho, n i columns (a) - (d) wer obtain d :from 
the data ive in Table 32 . Columns (n) and (b) represent 
the dissoci tion const?nts calculated :from t e average 
val 1e of' K , :for each ser · es, together with t e values of' 
0 • 5l} x 1 o- M ( a) and O. 48 x l O - 4 M ( ) :for K2 e Column ( c ) 
represents th values obtained fro 1 Exp. 1, using the 
indiviclu 1 values :f Kµ, t each cone ntration o:f Mg
2
+ (µ1) 
and c value of' 0.54 10-~ M for K2 • Co umn (d) shows the 
calculated r sults usin he cverage of each o:f the t 'iO 
K 1 b t . d t h t t . 0 f' l' 1g
2 + d µ v ue s o ine a e c co cen r · ion ~ an an 
average v lu 1 f'or 2· 
I , 
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Fig. J9. 
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1 60 
V 
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-2 -1 
A~ /0 . . ~ 
A~-----6 
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1 2 
2 x 1 o-• M 
ATP'-
3 5 6 
4-Ef'f'ect o:f the concentration of' ATP on the 
initial velocity of' the reaction at various fixed values 
of Mg2 + at pH 8.55. The concentrations of' TP4- and 
Mg2 + were ad.justed by varying the total concentrations 
o:f ATP and 1g2+ usine a value 0 f' 70,000 -1 M for the 
stability constant o:f 2 - The reactio mixtur MgATP o s 
contained tr· ethanolamine (pH 800), Oo 1 J\'. ; creatine, 10-2 
nnd e zyme , J µg ., as iell as the indicated amounts o:f 
11.,rg
2
+ and ATP4-. T t 1 1 J O 1 t t J0° 1·1 o a vo ume , .o m • ; empera ure • 
Velocity is expressed as µmoles of' phosphorylcreatine 
f d/ / · II -- II t ?.fg2 +, 2 X 10-4 u; orme µgo of enzyme min. .1·.1 .1·.1 
~-- ~ 
-- -
Mg2+ 
' t 
0 66 X 10-4 M; 2+ -li , Mg , Oo5 x 10 M. 
M, 
'• 
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TABLE J4 
Summary of' the values obtained for Kµ , and Vµ, 
at pH 8 55 
l; 1; 4-Values calculated from plots of' v agai st ATP at 
various f'ixed co centration~ of Mg2 + (µ') (Fig. 39). 
All K values are expressed in terms of' M x 104 , .;bile 
those :for V µ, are given in arbitrary uni ts. K.5 = o . 1L1 o 
Mg2+ concentration Kµ t V t 
(µ ) 
2.0 0 . 54 + 0.11 (0 . 36) J . 87 + o.4o (3.15) 
- -
1.0 0 . 60 + 0 . 09 (0.70) J . 11 + 0. 25 (3.28) 
- -
o.66 0.75 + 0. 07 (0.79) 3 06 :t 0. 17 (2.98) 
-
0.5 o . 87 + 0 . 16 (o 84) 2.74 + 0. 30 (2 . 61) 
- -
Figures in parentheses represent results :from a duplicate 
experiment .. 
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S1•;CTION II 
'l'h activation o:f er atine 1<:inase by ATP4- in relation. 
2+ to Mg at EH 8. o. 
For the experiments carried out in the presence of' 
EDTA 1 /v vas plotted agairIS t 1 /Mg2 + f'or various f'ixed 
Z4- ( concentrf1tions of' ATP Fig 40, • The cal culatcd values 
of' K, and V, are collected in Table 35 . These sho 
that there is a slight trend in the Ka, values and that 
the maximtu11 velocity is not independent of the 
4-concentration of ATP , as would have been expected if' 
2+ th re was no interaction between .r g and the enz·yrne 
(cf' ., Chapter VI). 
n estimate of' K4 W'E;S obtained f'rom a nlot ~ of' 
l;v against 1 / f (Fig . 41a) d of' Kl and K2 f'rom a 
K 
plot of' K6 , <-4 + 1) against 1/ (Fig . 41b) . Tlu s , 
values w re obtained f'or all the dissociation constants 
(Table J6). The maximum velocity was also estimated from 
Fig . 41a as being 0 . 298 µ,mol s PC/min./µg . creatine 
k" ase (24 , 000 moles PC/11in ./mole of' enzyme) , at pH 8 .0 
,hen th enzyme is saturat d with ATP4- and Mg2 + and the 
ere a tine cone en trati on is 20 rnlvI . 
Tl:e activation of creatine kin~~P.X ATP4- in rel2tion 
2 
.i2_~ at pH 8 .4. 
Plots of 1 /v against 1 / Ig2 +, for various fixed 
co . cen trations of' ATP4- at pH 8 . 4 e shown in Fig . 42 
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' . 
• 
. ' . 
.. 
.. 
.. 
,. 
' 
1' 
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-5 -4 - 3 - 2 -1 2 3 
-4 
2 xlO 
Mg 2+ 
4 5 
M 
4-ATP 
0 .033 mM 
0 .04 mM 
0.05 mM 
0 .066 mM 
0 .1 mM 
Fig. 40. Effect of the concentration of Ng2 + on the 
initial velocity o:f the reaction at various :fixed values 
of ATP4-. The concentrations of ATP4- and Mg2 + were 
adjusted by varying the total concentrations o:f ATP and 
Mg2 + using a value o:f 70t 000 M- l f'or the stability constant 
2-o:f MgATP • The r action mixtures contained triethanol-
amin (pH 8 .o) 0.1 M; crea.tine 2 x 10- 2 M; EDTA (5 x 10 ... 6 M) 
and creatine kinase (2 3 µg) as well as the indicated amounts 
o:f Mg2 and ATP4-. Total volume, 2.0 ml; temperature 30°. 
Veloc·ty s expressed as µmoles PC/min /µg creatine kinase. 
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TAB i J5 
Sununary o f' the val es obtained :for K , _;;._;_d_ V_c:; 
at pH 8 . 0 
a1 f' l ; . t l ; 2 + Values c culat d rom tie plots of' v agains Mg 
at vari ous fixed c oncentrations of' ATPli- (G" ' ) (Fig . 40) . 
All K v a l tes 2re expressed in terms of' M x 104 and V 
values as µmoles PC released/min. / µg ~ ere a tine kinase 
ATP4-
K V cone en trati on er ' er' 
( t ) 
1. 0 o. 46 0 . 181 
o .66 0 . 53 0 . 171 
Oo5 O 5.3 0 . 131 
O . l! 0. 53 0 , 112 
0 .33 0. 57 0 . 109 
,, 
;. 
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V r' 5 
2 
-4 -3 - 2 - 1 
.~· 
.---.----
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2 3 4 
2 x 10 -4 M 
ATP 4 -
5 
----· 
6 
Fig . 41. (a) Plot of the reciprocals of the maximal 
velocities obtained in the presence of fixed amounts of 
ATP4- and saturating amounts of Mg2 +, against the reciprocals 
of the co centrations of ATP4-. Maximum velocities were 
obtained from the plots shown in Fig. 40 and are expressed 
as ~noles of phosphorylcreat·n formed/µg. of enzyme/min. 
(b) Plot of the calculated values for + 1) 
4-against the reciprocals of the conce trations of ATP • 
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TABLE 36 
Summary from the experiments described in Section II 
of the dissociation constants for the various 
reactions leading to the formation of 
the active enzyme-meta1-substrate 
complex 
All va1ue s expressed in terms of M x 104 ; K5 
4 
- 0.14 X 10 M. 
Dissociation 
constants pH 8.0 pH 8.4 
Kl 1.22 0.55 (0.7)* 
K2 0.33 0.26 (0.28) 
o.68 (5 ) 
0.59 (o.o4) 
2.88 1.02 (1.4) 
*Values in parenthesis obtained from plotting the results 
at pH 8 . 4 as 1 /v against 1 /ATP4-. 
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-4 2 xlO M 
2+ Mg 
ATP 4 -
0 .033 mM 
0 .05 mM 
0 .066 mM 
0.1 mM 
Fig. 42. Effect of' the concentration of' Mg2 + on the initial 
velocity of' the reaction at various fixed values of ATP4-. 
4- 2+ The concentrations of' ATP and Mg were adjusted by varying 
th t t l t t . f' ATP d Mg2+ . 1 f' e o a concen ra ions o an using a va ue o 
70,000 M-l for the stability constant of' MgATP2 -. The 
r action mixtur s contained triethanolamine (pH 8.4), 0.1 M; 
creatine 2 x 10-2 M; EDTA (5 x 10-6 M) and creatine kinase 
.. 
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1' 
(2.3 µg) as well as the indicated amounts of' Mg2 + and ATP4- • 
• 
Total vol1.une, 2.0 ml; temperature 30°. Velocity is 
ex ressed as µmoles PC/min./µg creatine kinase. 
and the calcul ted values o:f K6 , and Ver• i Table 37 . 
In this ca e, there is a definite trend in the Ker, values 
nd the values of Ver ' appear to be independe .. t o-f 6', the 
variation bei1 g random an within the experimental e ror . 
This fits the form of the general equation for the 
condition K3 - (X) ' K4 - o, so that Eq 9, Chapter VI , • 
may be applied and Ka- , plotted against 
1 /cs' (Fig. 43) 
The values of the dissociation cons tan ts obtained -from 
this plot are included in Table J6. It was al.so possible 
to plot this data as 1/v against 1 /,TP4- for fixed values 
of Mg2 +. In this case a sma11 but real value of K4 was 
obtained. The dissociation constants obtained f'rom this 
plot are sho in parentheses in Table J6. 
DISCUSSION 
-----
The kinetic studies of the for:rard rea tion 
c talysed by r atine kinase have been s verely hampered 
by the insensitivity of the essay procedure . li'urther, 
the reactio is only li ear for short time perio (1 to 
l .! . 2 min. • The linearity of th reac ion and th activi y 
of the enzym were both slightly jncreased by including 
EDTA i the reaction mixtures but the effect was much 
less profound than had been observed , ith the reverse 
r ction. 
The results obtained at pH 8 . 0 in Section I 
(T ble 33) are in g ral agr _ment ith the conclu ions 
. 
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TAB .E 37 
Summary of the values obtained for K , and V, 
----------------------.() (j 
at pH 8. 4 
l; . 1; 2+ Values calculated from the plots of v against Mg 
at various fixed levels of ATP4- (cr1) (Fie. 42). 11 
K values 4 re expressed in terms of M x 10 and V values 
as µmoles PC released/min. /µg o creatine kinase. 
ATP4- concentration 
( er' ) 
1.0 
o.66 
o.JJ 
0 • .39 
0 . 55 
o . 68 
Ver' 
0.187 
0.192 
0.169 
0.173 
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F ig. 43 . Plot of the K 1values from Fig . 42 , against 
4-the reciprocals of the concentrations of ATP • 
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drawn in 0-hapt r IV :for the reverse reaction. Thus, 
thy are consistent with all of the pathways considered 
being ope~ative in the formation o:f a active E IS comple •• 
They also indicate that the presence of either Mg2 + or 
4-ATP on the enz·yme had little e:ffect on the binding o:f 
the oth er. Those results obtained at pH 8 55 in 
Section I {Tabl 33) and at pH 8.0 in Section II 
(Table 36) are also consistent with the operation of' all 
of the pathways, thoueh they indicated that the presence 
0 -t:' one o :f l.,£g2 · or ATP4-
.L r on the enzyme slightly assisted. 
the binding of the other~ 
.A different interpretation emerges :from the results 
at pH 8 . 4 in Section II when those results are plotted as 
1 / v against 1 /Mg2 + (Fig. 41 • In this case the results 
were consistent with KJ = oo ( and thus K4 = 0), i.e . , no 
interaction between Mg2 + and the enzyme. This would be 
in agreement with the :findings from the inhibitio 
exp riments ( Chapter v) and is similar to the plots of' 
1 / v against 1/}g 2+ at pH 8 0 reported in Chapter VI 
(Fig. Jl) . gain, it was possible to plot the data in 
i~. 41 as 1/ v . 1/ 4-against ATP f'or :fixed concentrations 
of' Mg2 + and in this way obtain values f'or K'.3 and K4 
(T ble J6) . If these latter valu ~s are of the ri 0 ht 
magni ude (K3 /> K4 ) , they would indicate that the presence 
the enzym as sis ts the bi ndi e of' 
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vice versa (K2 <. KJ}. r o expla ati on can 
be advanc d i'or the finding that di f ferent estinates of 
K3 and K are obtained accordin[; to the man er in which 
the data is plotted. 
~or the results reported in Section It bot1 K6 and 
K1 i creased with increasing pH (Table JJ)t i.e ., both 
MgATP2- and TP4- were bound less strongly at the higher 
pH. By contrast the results in Section II indic~ted 
that both K6 8nd K1 decreased (Table 36) , so that .rig TP
2
-
and TP4- were bound more strongly, when the pH was 
increased . 
It should be point d out that these ki etic 
studies o:f the forward reaction are far "from complete. 
Only tie one experiment has been carri d out at pH 8.4 
(Section II) and before ny definite conclusions can be 
reached further experinents must be carried out and , if 
possible, the useful r e of' :free nucleotide and free 
metaJ. concentrations extended . Moreover , no detailed 
studies have been made on the effect of creatine 
concentration on the values obtained for the dissociation 
constants. If the more recent experimental results can 
be accepted, the effect of pH is pr fond (cf. Fig. 40 
t pH 8 . o · th 1 • g . 42 at II 8.l~) and it is obviously 
d sirable to study th reaction at ~ n runber of pH values . 
The agreement bet een the dissocic:tion constants 
.. 
! , 
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.. 
I' 
,. 
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1J2~ 
reported in this chapt rand the thermodynamic values 
r ported by K by , Mahowald ?.nd . oltmann (1952) is not 
as good as was observed for the r vers re ction. Thus , 
for the interaction bet .;een ATP4- and tl e enzyme, the 
kinetically determined values {K1 , varied betwee1, 0.5 
- 4 ( ) and 1.5 x 10 1 , while l'"uby tl al . 1962 obtained 
- 4 values betwee J and 5 x 10 M. For the interactio 
b teen Me;ATP2- and creatin kinase, the agreement was 
much better; the kinetically detennined constant (K6) 
varied between 1 and 3. 3 X 10-4 M, while Kuby et al . 
(1962) reported a value of l to J -L• X 10 .. M. The kinetic 
value~ co 1.siste tly indicated that ATP4- was bound more 
strong y to the enzyme than MgATP2- (Kl ( K6) which is 
co trary to the findines of Kuby et al. ( 196 2, • 
- -
The results reported in this chapter may also be 
con,p8red vith those obtained by roda, Nihei and 1orales 
(1960). n the assumption that HgATn2 - was the true 
substrate fo the for ard reection nd sele ting the 
value of 90,000 M- l as giving the "be t fit" for the 
2-stabi i ty constant of ~ g TP , th s ., workers obtained a. 
-h K of 4 x 10 M f r this co nplex . They also found t. at 
m 
excess TP irhibited the eaction, w~ich led t em to the 
l+ -conclu · on th t ATP we. s a \Teak i hibitor of the reaction, 
though a value for the K . of ATP4- was not reporte • A 
.1 
val ..... of proximately l mM for the Ki of' AT }- can be 
. 
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derived f'rom the plots sho m. (Fie. 3 of ~oda et al , 
1960) , this being considerably higher than the estimates 
of K1 reported above. 
Sl ..... RY 
Kinetic studies of the forward reaction catalysed 
by ere a tine kinase have been carried out. In c3"eneral, 
these have been consistent with the participation of an 
EM complex · n the form tion of' EMS, tho gh the results 
o-f one experiment c2n be interpreted as i dicating that 
Mg2 + did not react at an active site o-f the enzyme . 
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CHAPTER VIII 
CO_CLUSI N 
The "'pose o:f the investigation, the results o:f 
ich have been reported in this thesis, wEs to pply a 
kinetic - Pl roe ch to the elucidation of the role played 
by the me al ion, Mg2 + , in the reaction , 
ATP+ creatine 
\ ADP + phosphorylcreE'tirie, 
catalysed by ere a ti 1e k ·nase The kinetic appronch 
di:ff'ered :from those used previously, in that the 
2+ 
concentr~tions 0£ fr e Mg and :free n cleotide w re 
· d b · th t t · o.c- total Mg2 va.r1e y vary111g e concen ra 1 ns ... and 
total nuc1eotide , this necessi tatine t1'e determination 
o:f the stability constants of' the complexes, NgADP- and 
2-MgATP u der expe in .n ta1 conditions si nilar to those 
sed :for th kin tic studies. 
It was postulated that , b cause C",atine kinase 
sho vs an absolute req ircn nt :for a divalent met, J. ion, 
the reaction proceeds via an en yme-mete -subst ate (E .. s) 
compl x The three possible pathiciys , I,..ich can give 
ise to tlis e re taken ·· nto ccount 
d · t tics consider d tha the same co plex was :form d 
by a 1 path we ys . It wa also assur ed that th r actions 
leading to the form a ti on o:f E :s are :i.n r pid equilib "it.un 
-ido 1 r.i. th r spe ct 
tot gt ri idine 2nd 1 1 1 otid sub ti. at s. The 
' . 
,, 
•• 
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latter ass n1,tions appear to be v2J.idc1ted by the 
experimentcl results. 
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In sumnary, it can be stated that the results 
obtained are consistent with the interaction of the enzyme 
with MgADP and MgATP2- and with the f'ree nuc eoticles, 
ADPJ- and ATP4-. The vidence for the i teraction of 
Ng2 + with the active site of the enzyme was less 
conclusive, es the results usitg the original kine ti 
approach were not always ir1 agreement with those from 
inhibition s udies. Thus, in appraising the results 
reported in this thesis, particular attention is 
dir cted to information oncern:ing the function of Mg2 + 
i the enzymic reaction. Th opportunity is also taken 
t revie rv som recent studies o ere a tin ki1 ase from 
other la or<tories. fter the experimental work had been 
carried out but be.fore the completion of: tl e writing up 
of this th sis , the comprehensive review on creatine 
kinase by Kuby and :t-Tolt a11n (1962) appeared and re:f r nee 
shall be made to this ~ork durine this chapter. 
/ 
A resm~ of th kinetic results reported in this thesis. 
11 th kinetic studif.s of the r verse reaction, 
. 1 ' b ADP Mg2 + tl inc udi g those in which eit.er or was grea y 
in exce s , were co sist .nt with MgADP- interacting at the 
active ite and there se ms little doubt that t .Lis complex 
an act a as b trate of er atin !las The inhibitio 
' I 
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e.periments cl.arly indicated tta. DP3- comp ted wi h 
Mg DP- for the sam site . Thus , it is possible that 
E1\1S could be formed ei tl er by dirP-ct interaction bet een 
Mg DP- and the enzyme or by the enzyme first binding the 
f'ree nucleotide and then the metal ion. 
Most of' the studies, using the original kinetic 
approach, reported in Chapter IV (and in :Morrison. , 
0 1 Su1Jiv n and Ogston (1961} ) , were obtained using 
the value of' 1,000 M- l f'or the stability constant of' 
MgADP-. The results were consistent with the f'orm tion 
of' E~1S by all three pathwBys considered <1nd indicated 
that the resence of' the metal ion on the enzyme did not 
influence the binding o:f ADP3- or vice versa. Preliminary 
experiments , using the value of' l~ , 150 M- l for the 
stability constant of' Mg DP- (Chapter II), were also 
r .ported i Chapter IV, and in Chcipter VI a more detailed 
tudy ~as carried out using this hig er va ue fo:r the 
stability constant and taki g int accou t the e:ff'ect of' 
PC on its apparent 111agni t de . s the higher valve is 
alT11ost c rtainly the more correct, at 1 ast und r the 
exrerimental conditions, it is :f .lt that more weight 
should be placed on the results r ported in Chapt r VI . 
'!11 inportance o:f t e magnitude of th stability 
co stant of' .. IgADP- in its e:ff'ect on the v alue obtained 
for th, di ocia ti on cons tan ts and h ce on th 
. 
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interpretation o:f the results, h s be n stres ed in 
this th sis and is al o en tinned b y K 1by and Tol tmann 
(1962) It is cl 8r that the m~ G1sur men t o :f t. e 
magnitude o:f the stability cons tent sho11ld be ade 
under co i tion a!"Jproximating as cl ely as possible 
to those under which the enzymic exp riments ar 
carried out, since small rrors c-n ca.use large 
variations in the apparent vaJ ues of' KJ an.d K4 and have 
a smal.l r, but stilJ signif'icant 9 ef':fect on K6 ( Chapter 
VI) . 
It as uot possible , :from h results in Chapter 
VI , to arrive at a y f'ir conclusion concer iirg the 
interaction of' Mg2 + with the enzyme. Some of the 
results were consistent ·with no such i teraction taking 
place, as reciproce.l plots of velocity against f'ree Mg2 + 
conce tration f'or different fixed values of ADPJ-
concentrat · on gave the same value for the maximlllll 
vel city io rever , it was possible to treat this same 
data by plotting the reciprocal of the velocity agai st 
the reciprocal of ADP3- concentration and obtain a reaJ. 
value or the dissocia ti o con tant (K3) of the Ef 
complex . ('Ihe plots w re defi ed . n each case sing 
m xi.mum v ity and al 1 s C lculated by the 
st a tis tic al. method o'f ilkinson (1961) ) The actu l. 
va u obtai ed is dependent upon a tertiary plot which 
, • 
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gives a direct estinate oft constant, K4 , :for the 
d1ssoc1ation of l!;!~iS into EM and S, allowi g IC3 to be 
calculated The valu s obtair ed for K4 were small 
and relatively small dif:f rences in this tertiary plot 
1ould introduce large errors in the estimates of K3 
(see n·scussion, Chapter VI). It is interesting to 
note hat Kuby and oltmann (1962) recalculated th 
results r ported in Morrison et al. (1961) using the 
higher stability constant a d obtained a value of 
approximately 5 mM :for KJ , which is not markedly 
different ~rom that of approxinat ly 1 mM reported in 
both Chapter IV and Chapter VI . Kuby and Nolt ann (1962) 
also reca .cu.lated the earlier results of Ku.by et al. 
--
(1954b) nd iere able to ex~ract a value of 5 mM for 
K3 from the kinetic da a. 
The inhibitio experiments in Chapter V appear to 
i dicete that 
the enzyn as 
Mg2+ 
2 Mg 
doe not react at an active site of 
vas non- competitive with respect to 
Mg P- . I:f the contribution to this inhibitio by such 
-factors as C and ionic str .neth c?n be co n sid red to 
e negligib.le and if the concentration of Mg 2 P+ was 
insignificant, then thee appear to b t more 
o vincing r sults . It w2s not po~sible to reconcile 
these results with the gen ral scheme if EN was 
con idered to par icipate · n the :formatio of' EIS 
.. 
.. 
J, 
' •' 
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The effect of PC on the reaction was lso studied 
i Chapters V and VI. It ~as found thr:t the PC 
co nee. tration had n apparent effect on the K va.l 1e m 
for MgAD and little effect on the other dissociation 
cons tan ts. This would val· date the original. assumption 
th't the concentration of PC altered the velocity by a 
constant factore It is also indicative of the reaction 
being random, with respect to PC and nucleotide. 
.The inhibition by excess Mg2 + with respect to PC 
was not simple and it was possible to obtain different 
Ki values :for Mg2 + dependi g upon whether the enzyme 
wa.s saturat d with C or the PC concentration was zero. 
T~ . ld . d. t tl t th 11 [g2 + t. t t ,11s cou 1.n 1 ca e 1a. e .i.· WBs ac ing a , rvo 
independent sites on the enzyn1e, one independent to the 
active site ar~d the other such that it affected the K m 
for PC (but not the K :for .dgADP-) $ 
m 
A :feature o:f the inhibition experiments as the 
good co .. e ation be ween the kinetically determined 
co stan.ts and the eq ilibrium values reported by 
Kuby ~ _tl. ( 1962) ( rrable 25, Chapter V). \.hile 
agreement bet een the K fr a particular substrate and 
m 
its thermodynamic constant cannot be regarded as proof 
that eq ilibrium kinetics prevail the good agreeme t 
bet een the constants for all o:f Mg LIJP-
{ and also ig2 +) pr vides strong evidence in :favour of 
the idea that th reaction obeys e<}uilibrium j netics, 
.. 
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thus justifying the original assumption. 
On the basis of a random reaction obeying 
equilibrium kin tics , one result from Chapter V c2nnot 
be simply explained. The inhibition by excess ADP:3-
with respect to PC , which was expected to be sim1le 
non-com ... etitive, asswning the nucleotide and guanidine 
moieties to occupy different sites on the enzyme (Kuby 
et al ., 1954b), was found to be slope-linear intercept-
- -
hyperbolic non-competitive. It has been pointed out 
by Dr . '\ • W. Cleland (personfll conununication1 that the 
type of hyp rbolic plot obtained when the reciproc?l 
o:f the intercept is plotted against ADPJ- concentration 
(Fig . 29b) is a feature of alternate reaction pathways 
in steady state mechanisms, where the inhibitor 
diverts the entire reaction into a different path with 
a slow r rate. Thus, it is possible that pathway III 
(M + S ~MS --)EMS) is the fastest , but in th presence 
of excess ADP.3- the re ctio is forced into p th '"YI 
(E + S ----}, ES ~ESM) wh _'_c is still 1 eretive i A. the 
enzyn ic r acti n t 1ough somewhat sl wer than path vay 
III . Th co plex ESH could have a dif'f'erent structure, 
and thus break down at a di:ff'erent rate than E. IS, or 
.. 
,, 
, . .,• 
;,· 
,. 
its rate of formation could be different. The mechanism • 
couJ.d still be random, but not rapid equilibriwn a 1dom. 
Such a mechanism would not be expected to yield linear 
14 ~ 
reciprocal plots, thoue; 1 th deviat· on :from linearity 
might not 1. e significant. 
The study of th :forward r action cat~lysed by 
creatine kinase (Chapter VII) mu t be ree;arded as far 
fror omplet , Tl e studies at pH 8 0 were consistent 
with all pathways being operative in the :form tion of 
EAS but on experim nt at pH 8.4 indicated tl1at there 
,as little, i:f any , i teraction between th metal ion 
and the enzyme. 
sults of recent vork on creatine kinase :from other 
laboratorie~. 
The kinetic res 1lts of' ... oda , Nihei an ·Iorales 
(1960) and Nihei, Noda end Morales (1961) on the 
:for ard and revere r ctions, respectively, catalysed 
by reatine linase, have been discussed pr vi usly . 
These worker::s did not consid r the possible interaction 
of' Mg2 + with the enzyn e , but otherwise heir f'i dings 
1er in agree ent with those reported in this tlesis. 
Thus, the kinetic results were consiste .. 1.t ,ritl 2-:MgAT 
and Mg P- eing the substrates o:f the eaction,, For 
the reverse reaction it was necessary to consider 
DPJ- to b a o peti i inh · bi tor vi th re spec to 
Mg D ... , th 4-en the effect of ATP on the forvard 
reaction vas fou d o be considerably less. 
Iah walrl, 1{ ltm nn an ]\. by (1962) studied the 
... 
.• 
.. 
.. 
'· 
I' 
•: 
kinetics of the inhibition of creatine kinase by the 
compounds, 2:4-dinitro£1uorobenzene and iodoacetate, 
which apparent1y formed stable covalent intermediates 
at the active site, preswnably linked to -SH groups. 
It was found that the nucleotide substrates, and to a 
somewhat greater extent, their magnesium complexes, 
2+ 
markedly retarded the inhibition, whereas Mg alone 
was ineffective. This indicated that Mg-nucleotide 
complex and :free nucleotide competed for the same site, 
but could not be regarded as definite evidence against 
the interaction of Mg2 + at the active site as Mg
2 + 
would not be expected to react with -SH groups. 
The question of the interaction of a metal ion 
with creatine kinase has also been investigated by 
Cohn and Leigh (1962) using magnetic resonance techniques 
2+ 
with Mn as the activating ion. The results indicated 
2+ 
that a ternary complex between Mn , ADP and creatine 
kinase was formed. The- parameter measured was the proton 
relaxation rate of the water in the hydration sphere of 
u-
2 +. t be t t h · th· ti ty i J.Y..U.,L r grea es C ange in l.S quan occurr ng 
when both ADP and enzyme were added to a solution of 
MnC12 • A sma11 change occurred when enzyme only was 
added to the solution of MnC12 , this change being 
smaller than that observed with serum albumin, while 
muscle phosphopyruvate hydratase caused a large change 
-
.. 
.. 
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,, 
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in the proton relaxation rate . Tl e e res,1lts were 
·nterpr ted as indicting that the metal ion acted at 
the active site of phosphopyruvate hydratase , confirmi fS 
tbe earlier conclusions of' :t-Ialmstr m and his colleagues 
(Malmstr m, V nng :cd and Larsson, 1958; Malmstr m, 1953 
1954 , but ot at the active site of ere a tine kinase. 
1 1rther studies showed that the electron spin 
rela.xa ion rate o:f HnADP- was unchaneed by the addition 
o:f creatine kinas , indicating that the complex did not 
undergo a y deformation when it co i ed with the enzyme, 
2+ 
so that }In was bound only to P. As an end r sult 
only was observed it would have been p ssible for a 
total rearrangement of the ternary complex to have 
taken plac·e with the same net relaxation rat s as 
observed ith N DP- alone . A complicating feature of' 
any studies <1th Mn2 + is that it can form a ntunber of' 
cornplexe s with ADP ( Chapter II) • 
I~ th activating metal io dos not interact at 
the active site on creatine 1 ·nase , then this would 
indi cat ,hat the metal specif'ici. ty o:f this a d similar 
enzym s is largely determi ed by the configuration of 
th 1e ta -nucleotide complex Differences in 
o . :figt1ration in the metal compl ... xes have been suggest .d 
by W'lli;:ims (19.59) as a possible ex.planatio of' th :fact 
th t phos ... hopyruvate hy ratase is activated by _ig2 t- but 
.. 
'. 
,, 
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inhibited by Ca2 + (though it appears certain that the 
metal does int ract at t 1.e active site on tbi s e zyme • 
comparative kinetic and ther, odynamic study o:f 
arginin kinase and creatine kinase might provide 
useful information on metal speci:ficity , as the argi ine 
enzyme is activated by Mg2 ~, Mn2 + and co2 +, while tl e 
creat··ne enzyme is activated by these three 11etals and 
a1so y Ca 2+ 
Indirect evidence :for the reaction of' Mg2 + at an 
active site of' er a.tine kinase has come :from 
·mmunological studies ( amuels , 196 ). It w~s :found 
that both substrates, as well as Mg2 + , wer required 
to protect the enzyme against reaction with its 
t .b d t ~ AT Mg2 + t· an 1 o y; any wo 0..1. , or crea 1ne were 
ineffective. This led to the suggestion that the 
11 
'lorking" enzyme underwent a con:figurational change 
which prevented combination with antibody . Sam"L els, 
Nih i and Node (1961) interpreted c,:1.anges in optical 
rotation when the enzyme 1as in equilibrium with all 
of its substrates as pro iding evidence fr such a 
confieur tional ch nge . How ver, K by and N ltma1n 
( 1962) co sin ered th t ,he se changes w re too small 
for th i.. terpretation to be unquestione • 
s ununi ng up. 
It appears that the reaction catalysed by crr::.atine 
... 
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kinase does not proce d via a compulsory react·on 
between the :free metal ion and the enzyme. In fact, 
the bulk o:f the evidence suegests th~t it is doubt ul 
if an enzym -netai complex participates in the enzymic 
re c ti o at aJ. l. s the Hg-nucleotides appear to be 
bound mor strongly than the :free nucleotides, the 
primary :functio of' Mg2 m·· ght be to modify the substrate 
both electronically and structurally so that it is more 
easily botmd to the enzyme . 
In the light oft is conclusion, it should be 
possible to as ess the kinetic approach which has been 
developed in this thesis. It was seen that the general 
approach ( Chapter IV) was consistent with al.l pathways , 
including th t involv'ng EM , being operative in the 
formation of EdS . Some of' the experiments carried out 
in the r a sessme tin Chapter VI , could be taken as 
i di ating that the :fonn tion of EM was not an activating 
t P t but it was not possible to reach a firm conclusion. 
However, the evidevce from the inh 'bi tion studies 
appeared to be more convincing- , as these clearly indicated 
that 1"1u2 + did t t 'th .1.· u no compe e wi IgADP- for an active site 
on th enzyme. It is suggested that such a ttdouble-
barreled" approach, viz ., the use of the gerer 1 kinetic 
scheme complemented by the inhibition studies , would be 
generally applicable to th study o:f enzymic trans-
,, 
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.. 
.. 
,, 
, , 
.. 
. 
.. 
I 
• 
,: 
146. 
phosphorylation reactions. 
Dr . Iildred Co'h-.n ( personal communication) h s .found 
evide ce from magnetic resonance techniques that for a 
number of' nz es concerned with th transfer of a 
phosphoryl group , the activating step is the combination 
o the metal i th the enzyme . The appli ation of the 
kinetic approach to the study o:f such enzymes vould 
provide a good test o.f its general a plicabili t,. nd 
could be of particular importance for the activation by 
· 1 2 + d C 2 + 1 . h t 'l t d. d such ions as .1 g an a , w 11c are no e as1 y s u ie 
by magnetic resonance techniques . 
Some spe cul a ti ons on the transition state o:f the 
enzymJ..C reactiO!!,• 
1-!ost of the kine tic and equilibri n binding data 
has been consistent vith the reaction catalysed by 
creatine ki as obeying eq1. ilibrium kinetics ,vith 
ra do sequence o:f reactions with respect to nucleotide 
idine , indicating that the transition state 
invol,. d the enzyme in combination v'i th all its 
subs· ra s This concl sion is si ilar to that reached 
by Reyn2rd, H s , J cobse and Boyer ( 1961 from t 1eir 
studies wit 1 pyruvat ki s • Thes workers I oposed e 
model (Fi o 7 of Reynard t al . 
-
1961) for the tr nsition 
st te of' this enzyme in w · ch the ter11ir 1 phos hate 
group of T occu ied t e ame sp ce s the phos. yl 
.. 
.• 
.. 
,: 
• 
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group of' phosphopyruvftte. The r- ction ics visualis d 
s occurring vi a the alt rn~te breakinu· r formir e of 
th -0 bonds of the ' corrrrnon" J~ .osphoryl group . 
similar model could be proposed for ere tin, 
kin se, viz., 
[ ADP l - 0 - - - -
-
/ 
0 
II 
P - - - - - - N - j creatine! 
0 0 
(cf. Morrisoi, Ennor and Grif':fiths , 1958) , with the 
modi:fi ca ·· on tba t as a I-P bond is concern 1, so111e 
r arr nc;ement of the oxygen atoms on the transferable 
p 1osphoryl group takes place during the reaction . 
lter atively , it could be postulated thet the phosphoryl 
group could rotate ~round its positio n the enzyme or 
that the creatine site is '"liened it 'pproximf tel 
right angles .o the D site . 
0 th ~ basis that Mg2 + is r:i.ot bound to the enzyme 
2 d the;;;. t the s true t1 ·t~ of - 2-Ig DP Rnd ... Ig~ TP ru: e the 
srune on th e zyme as i solution, th, fg-nucleotide 
complex . 1st underc a rearrEnger.ient durine th cat .... y ic 
re r:i c ti on t as , c cordin to Coltn a 1d !:uLhe s ( 196 2 1 Mg2 + 
is bound o the - rnd 8-ox- c nions o ADP nu the A _ .., 1d I ., ,..... 
y-oxyani ns of __ Tu. It wo ld 2p e r that in tr e for ve d 
reaction, th, Hg2 + veake1 s the 0 - P bond by its electron 
a ttr cting nature , llo .ring t :ph sphory eroup to 
.. 
' . 
,, 
.. 
·' 
.. 
\. 
,: 
•: 
148. 
t f t th t · · t J tl 1·g2 + to u fal.1 r ns er o e ere a ·1 ne mo:te ·y anc, e 
back" to the 0:-group. 'or the rev rse re action tho 
f'un.ction of' 1-.. g 2 + mieht be o "'.)ttract t11e oxy""nions of 
the phos >horyl group of' P 0 , brinc;ing it i11to juxta-
position to the term:i n 1 pho ·phorus atom o:f DP so th.r.it 
trAvsf'er is :f ci1it8ted. lso, the Mg2 + ioull tend t 
induce c po i ti '.J" charge on the terminal P atom of ADP 
so that m-1 oxyc=:-r...ion cou1 appro< ch it more re dilyo 
The _ g 2 + would rem air, permanently bound to the ~-phosphate 
g o p c1nd wot ld al terna t b tween h a- and y-groups 
accordi c; to the direction of' the reaction. 
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APPENDIX 
THE CALCULATION OF STABILITY CONSTANTS FOR 
MAGNESIUM- ATP COMPLEXES USING A 1620 IBM 
COMPUTER 
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APPENDIX 
THE CALCULATION OF STABILITY CONSTANTS FOR 
MAGNESIUM-ATP COMPLEXES USING A 1620 IBM COMPlJTER 
-
THEORY 
Consider the same equilibria as in Chapter II: 
MgHATP-
149. 
K1 , K2 and K3 being the stability constants of the appropriate 
magnesium complexes, defined by 
[MgH2L] 
-
m[H2 L
2
-] 
K2 
[MgHL-J 
-
m[HL3- J 
[MgL2-J 
1S - m[L4-J 
wher L 
·-
ATP • 
' 
m 
-
[Mg2+]. 
The following symbols are used: 
p 
-
[ATP4-] 
h - [H+] 
k2 
K2 
- -
- K 
a2 
'· 
l 
·', 
t 
, . 
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Considering total metal concentration, 
(i) 
total ligand concentration 
[L]T = [MgH2L] + [MgHL-] + [MgL
2
-J + [H2L2-J + [HLJ-J + [L4-J 
(ii) 
and the sum of positive and negative charges, 
The following substitutions may be made: 
[HL3-J 
-
[MgH2L] = 
(HgHL-] 
-
h 2 p 
...1!E 
I{ 
a2 
K1h
2pm 
I{ K 
al a2 
ISh m 
K 
a2 
(iii) 
( c:f. Chapter II) 
,, 
.. 
.. 
' 
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[MgL2-J 
- K3pm 
4 2!L 2h
2 
a - + + K K K 
a2 al a2 
b - [K+] + h + 2[L]T - [ou-J - 2[M]T 
1 h 
h2 
C 
-
+ - + K K K 
a2 al a2 
Then, substituting in equations ( i)' (ii) and (iii); 
(1) 
(2) 
(3) 
From equations (1) and (2), 
[L]T - [M]T - pc - m = d 
i.e. m - pc - d 
Substituting form in equation (2) 
(4) 
and in equation (3) 
b + 2(pc - d) = (k2h + 2k3 )p(pc - d) + ap (5) 
so that equations (4) and (5) contain three unlmown constants, 
k 1 , k 2 and k3, and one variable, p
. 
,, 
,, 
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Expanding equation (4), 
and equation (5), 
For b - 2d O, 
(b - 2d)cp2 (k1h
2 
+ k 2h + k 3 ) + p(b - 2d)(c - dk1h
2 
- dk2h - dk3 ) 
- [L]Tcp2 (k2h + 2k3 ) + [L]Tp(a - 2c - dk2h - 2dk3 ) 
cp {(b - 2d) (k1h
2 
+ k2h + kJ) - [L]T(k2h + 2kJ) 
This value o:f p may be inserted in equation (7) to give an 
By selecting points in pairs, two 
equations in k 2 and k3 are obtained and hence solutions :for 
Then k 1 may be obtained :from equation (6). 
PR OGRAivil•IE 
(8) 
The programme :for the IB 1620 computer was as :follows 
(programme written by Miss E. A. Reid): 
,, 
.. 
.. 
C METAL-ATP CCMPLEX FCRMATICN PRCBLEM 73 . 
OIMENSICN TM(2) ,TL(2) 1ALK(2) ,CH(2) ,H(2) 
DI ME NS I CN A ( 2) , B ( 2) , Cl 2) , D ( 2) 
2 FCRMAT(E15.8,E15.8,E15.8) 
3 F CRMA T ( I 3 ) 
4 F CRMA T ( E 1 5 • 8) 
51 FCRMAT(SHERRCR,12) 
52 FCRMAT(E15.8,E15.8) 
53 FCRMA T(15XE15.8,E15.8,E15.8) 
54 F CRMA T ( / ) 
REA D 2 , X , Y , Z 
READ 2, CKA 1 ,CKA2 
READ 3, N 
DC 5 K= 1 , l 00 
READ 2, CCK2,CCK3 
ACCEPT 4, CCKl 
CK3=CCK3 
DC 6 J=l N 
' DC 7 I= 1 , 2 
READ 2 , TM ( I ) , TL ( I ) 
READ 2, H( I) ALK( I) ,CH( I) 
A( I )=4.+3.*H{ I )/CKA2+2.*H( I )**2/(CKA 1*CKA2) 
B(l)=ALK(l)+H(l)+2.*TL(l)-CH(l)-2.*TM(I) 
C ( I ) = 1 • +H ( I ) / C KA 2 +H ( I ) ** 2 / ( C KA 1 * C KA 2) 
D( I )=TL( I )-TM( I) 
JA=O 
CKl=CCKl/(CKA1*CKA2) 
CK2=CCK2/CKA2 • 
1 4 GA= C ( I ) * ( B ( I ) - 2 • * D ( I ) ) * ( CK l * H ( I ) ** 2 +CK 2 * H ( I ) +CK 3) 
G=GA-C(l)*TL(l)*(CK2*H(I )+2.*CK3) 
FA=TL(l)*(A(l)-2.*C(I )-D(l)*H(I )*CK2-2.*D(l)*CK3) 
FB=(B( I )-2 . *D( I) )*(C( I )-0( I )*CK l*H( I )**2-0( I )*H( I )*CK2-D( I )*CK3) 
F L = ( F A- F B ) / G 
SA = (C( I )*FL**2)* ( CK2*H( I ) + 2.*CK3)-(B( I )-2 . *D( I)) 
S =SA +F L * ( A ( I ) - 2 • * C ( I ) -0 ( I ) * CK 2 * H ( I ) - 2 • * D ( I ) * C K3 ) 
I F ( JA) 8, 9, 10 
8 L=l 
• --c, - - - ·-: .,..r - ··~• - - • 
't ~- • "'. • .r .~ 
\Jl 
\,) 
~ 
~ 
GC TC 17 
9 IF(S)ll,15,13 
11 L=2 
GC TC 17 · 
15 L= 3 
GC TC 1 7 
13 JA=l 
16 CK3=CK3+Z 
GC TC 14 
10 IF(S) 12, 12, 16 
12 IF( 1-1)21, 18, 19 
21 L=4 
GC TC 17 
18 ALPHA=CK3+Z 
GC TC 20 
19 GAMMA=CK3+Z 
-.,c 
--- --===---------::;;:-- -- -=-
20 CCK2=CCK2+Y 
CK3=CK3+Z 
JA=-1 
CK2=CCK2/CKA2 
27 GA=C( I )*(B( I )-2.*0( I) )*(CKl*H( I )**2+CK2*H( I )+CK3) 
G=GA-C(l)*TL( l)*(CK2*H(I )+2.*CK3) 
FA=TL( I )*(A( I )-2.*C( I )-0( I )*H( I )*CK2-2.*0( I )*CK3) 
FB=( B ( I )-2. *O ( I ) )*( C ( I )-0 ( I )*CK l*H( I )**2-0 ( I )*H( I )*CK2-0( I )*CK3) 
FL= ( F A-F B) / G SA=(C( I )*FL*7·2)*(CK2*H( I )+2.*CK3)-(B( I )-2.*0{ I)) 
S=SA+FL*(A( I )-2.*C( I )-0( I )*CK2*H( I )-2.*D( I )*CK3) 
IF(S)24,25,25 
24 CK3=CK3-Z 
GC TC 27 
25 IF ( l-1)22 , 30,31 
22 L=S 
GC TC 17 
30 BETA=CK3+Z 
FL 1 =FL 
CK3 =CC K3 
CCK2=CCK2-Y 
r:. .~ . T ~ - 7 
- - . -
,. . . .. 
_ .. 
. ~--- a. - • - ~ 
~ ,,_ 
.. 
\Jt 
~ 
I 
I 
I 
I 
! 
~ 
31 DELTA=CK3+Z 
7 CCNTINlJE 
50 Q=ALPHA-GAMMA 
IF(Q)32,33,33 
32 Q=-Q 
33 R=BETA-DELTA 
IF(R)34,35,35 
34 R=-R 
35 IF(Q-R)36,36,37 
37 CCK2=CCK2+Y 
CK3=BETA+Z 
CCK3=CK3 
• 
A LPHA=BETA 
GAMMA=DEL TA 
DC 3 8 I= 1 , 2 
CK2=CCK2/CKA2 
45 GA=C( I )*(B( I )-2.*D( I) )*(CK l*H( I )**2+CK2*H( I )+CK3) 
G=GA-C(l)*TL(l)*(CK2*H(I )+2.*CK3) 
FA=TL( I )*{A( I )-2.*C( I )-D( I )*H( I )*CK2-2.*D( I )*CK3) 
FB=(B( I )-2.*D( I) )*(C( I )-D( I )*CK l*H( I )**2-D( I )*H( I )*CK2-D( I )*CK3) 
FL= ( F A-F B) / G 
SA=(C( I )*FL**2)*(CK2*H( I )+2.*CK3)-{B( I )-2.*D( I)) 
S=SA+FL*(A( I )-2.*C( I )-D( I )*CK2*H( I )-2.*D( I )*CK3) 
IF(S)46,43,43 
46 CK3=CK3-Z 
GC TC 45 
43 IF(l-1)23,48,49 
23 L=6 
GC TC 17 
48 BETA=CK3+Z 
FL 1 =FL 
CK3=CCK3 
GC TC 38 
49 DELTA=CK3+Z 
38 CCNTINUE 
GC TC 50 
. ~f.. FM l=F.L l*C( J )-0( 1) 
. 
-
.. 
------~ ~= -_--------: 
..... 
\.n 
\Jt 
• 
I 
f 
C 
C 
FM=FL*C( 2)-D( 2) Fll AND FM)}ARE THE VALUES CF FM AND FL AT THE 2NTH PCINT, 
PRINT 52, ~L1,FM1 FL AND FM ARE THE VALUES CF FM AND FL AT THE NTH PCINT, 
PR I NT 5 2 , F L , FM 
PRINT 53, CCK1,CCK2,CK3 
CCK2=2.*CCK2/3. 
CCK3=2.*CCK3/3. 
6 PRINT 54 
6 PRINT 54 
5 CCNTINUE 
1 7 PR I NT 5 l , L 
PAUSE 
END 
N.B. In th tatement l'J line rom the bottom there should be a 
A.RE so that this should read: 
C FLl A \ A...~ D r 1 
fl( 2 \fl'H P'> f 
c:::. FMl ar 
.... 
\Jl 
0\ 
• 
S ,hols 
TM = total [Mg] 
TL - total [ATP] 
ALK - [K+] 
OH - [OH-] 
H - [H+] 
CKAl = K 
al 
CCK2 = K2 
CK2 = IS 
CCKl - K1 
CKl - 1S_ 
K K 
al a2 
FL = [ATP4-J 
FM = [Mg2+J 
157. 
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LOGIC 
The constantst K1 , K2 , and IC3 are assigned 
arbitrary values. Pairs of points, designated as the 
2nth and nth point, at intervals along the titration 
curve, were selected for solution. 
Using the data at the 2nth point, and with 
K1 and K2 zero, equation (8) is solved for p and the 
values obtained substituted into equation (7) to give 
a value, s. If Sis positive, x 3 is increased by an 
increment, z, and the process repeated until S just 
changes sign. If' Sis negative, K3 is decreased by z, 
again until S changes sign. The value of K3 obtained 
to just cause S to change sign is designated a. The 
process is repeated at the ntl point to obtain a second 
estimate , Y, of K3• 
The whole procedure is repeated using a second 
value of K2 , this constant being incremented by y. In 
this way, wo further estimates of K3 are obtai ed; viz. 
~ad 6 at the 2nth and nth points respectively. The 
estimates of K3 thus obtained with different values o:f 
K2 are ompar d : 
rr J~ - ol < a - y , the process is 
repeated with K2 =I~+ 2y. 
159. 
If 1~ - Bl ) la - Y , the computer prints 
out the values of K2 and 1e3, and o:f p and mat the 
2nth and nth points. 
The entire pro ess is repeated with K1 
increased by an increment, x. In this way a 
particular pair o:f points would give values of K2 and 
KJ for each selected. value of K1 • 
RESULTS AND DISCUSSION 
At the start of a computation K1 and K2 were 
-1 
st equal to zero, K3 usually at 50,000 M • T
he 
increments, y and z, :for JC2 and KJ resp ctively, were 
-1 T, -1 
usually set at 100 M and x, :for .A:{1 , at 10 M • It 
was found that the magnitude of K1 had very little 
e:f:fect on th value obtained :for K3 but a somewhat 
larg r effect on K2 • 
In general , sensible results were 
-1 
not o tained with K1 greater tha.11. 20 } • 
The r sults reported in Chapter II {Te.ble 5) 
are shown in Table 38 as printed out by the computer, 
the :fr e ligand and :free metal concentrations being 
shov as w 1 as the values :for tbe stability constants. 
The b est stimat s obtained for Kl, K2 , and KJ were 20, 
500 
, 
and 75,000 M- .... respectively. 
It should be stressed that the programme h 
not yielded ex ct results for the stability constants, 
KEY: 
TABLE 38 
Estimation of the stability constants of Mg-ATP complexes obtained 
~om the IBM 1620 computer 
Values are shown as printed out by the computer and have been reported in 
Chapter II (Table 5) . 
+o.ooooooooE-9916 
. 23107112E-05 
. 65358832E-06 
. 51964888E-05 
. 10284096E- 05 
. 10788525E-04 
. 25614249E-0.5 
.20866292E-04 
• 56L~15696E-05 
+0 . 20000000E+02R3 
.23052820E-05 
.67390887E-06 
Typescript from computer 
.441.30915E-03 
. 69227872E-03 
.ooooooooE-99 
. 39097898E- OJ 
o480947J5E- OJ 
. ooooooooE-99 
.2744.582JE-OJ 
o39774J95E-OJ 
.ooooooooE-99 
.19810J03E-OJ 
o)5298496E-03 
. ooooooooE-99 
o44027225E-03 
. ?1J80219E-OJ 
.20000000E+02 
o40000000E+OJ 
.56666666E+OJ 
. 47777776E+OJ 
.418.51850E+OJ 
.40000000E+OJ 
p for 2nth point)(m for 2nth point} 
p for nth point) (m for nth point 
Kl ( K2 ) 
.7J500000E+0.5 
• 74200000E+05 
.78166666E+05 
• 75777777E+05 
.74200000E+05 
( KJ ) 
Position of 
points 
20 , 10 
25 , 15 
Jl , 21 
36 , 26 
20,10 
I 
160 . 
but rather indicated the range within which the 
constan slay. The values reported are the average 
within this range. 
Tle value ~or x3 is in quite good agre ment 
with that of 70,000 M-1 obtained by Burton's (1959) 
method and reported in Chapter II. 
are also similar, though sliehtly less, than as 
obtained by the approximation method (cf. Chapter Ii). 
The value obtained ~or 1 was lower than had been 
anticipat d, though probably slbject to ~airly 
considerable experimental error. Finally, it should 
be noted that the treatment was not extended to consider 
oth rs ecies such as NaATP3-, Mg2ATP etc., although it 
was considered that the formation of such co plexes 
would not greatly aff ct the estimates obtai d. 
' 
' 
. 
... 
.. 
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